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ABSTRACT 

144 $0 
A l abora tory  prototype microcontactor that used high-density, metallic 
superoxides i n  r e v i t a l i z i n g  a sea led  cabin atmosphere was designed, 
f ab r i ca t ed ,  and t e s t e d  a t  General Dynamics/Electrlc Boat. A micro- 
contac tor  i s  a device f o r  producing f i n e l y  divided superoxide particles 
by gr inding  a block of high-density mater ia l ,  and then providing i n t i -  
mate contac t  between the f i n e l y  divided superoxide p a r t i c l e s  and a 
dynamic a i r  stream. 

Prel iminary labora tory  t e s t s  were made t o  determine the gr inding char- 
a c t e r i s t i c s  of  high-density KO2 (115 lb / f t3 ) ,  such as gr inding  rates, 
product s i z e  d i s t r i b u t i o n ,  power requirements as funct ions of gr inde r  
speed, and force  of KO2 aga ins t  the cu t t i ng  too l .  
t e s t s  were made t o  i n v e s t i g a t e  KO2 r eac t ion  rates as func t ions  of t i m e ,  
moisture concentration, and p a r t i c l e  s i ze .  

Semi-quantitative 

Eased on tile pi-el.iirifiarj; laboratcry tes ts ,  a Q R P - ~ ~  c a p c i t y  micro- 
contac tor  was designed and fabricated.  Test  runs were made w i t h  the 
microcontactor under var ious i n l e t  conditions of moisture and C02. 
Test  r e s u l t s  showed t h a t  the  microcontactor concept, using potassium 
superoxide,  and probably o the r  superoxides, f o r  a i r  r e v i t a l i z a t i o n  I s  
f e a s i b l e .  
the case when using c a n i s t e r s  of the  superoxide. The microcontactor 
matched r e s p i r a t o r y  quot ients  ( R . Q . )  between 0.6 and 1.1 requi red  by 

N o  over-production of oxygen was encountered, a s ' i s  conrmonly 

man. 
were obtained af ter  only a few minutes of operat ion.  

Steady-state  condi t ions w i t h  respec t  t o  02 and C02 

4 

iii 



c 

' I  

ACKNOWLEDGEMENT 

The au thors  wish t o  acknowledge D r .  O.L.I. Brown, Dr. A. P e t r o c e l l i ,  
and D r .  A.E. Rabe f o r  t h e i r  o r i g i n a l  concept of a superoxide micro- 
contac tor .  D r .  Brown's and D r .  P e t r o c e l l i f s  encouragement and advice 
during the  program i s  appreciated.  

The guidance and d i r e c t i o n  of M r .  H. Wallman, Chief , Chemical Engineer- 
ing  Sect ion,  a r e  a l s o  g r a t e f u l l y  acknowledged and appreciated a s  a r e  
the  e f f o r t s  of the  many indiv idua ls  and groups a t  General Dynamics/ 
E l e c t r i c  Boat who a s s i s t e d  i n  the  successful  completion of t h f s  cont rac t .  



. 

Sect ion  

. 

TABLE OF CONTENTS 

T i t l e  -- 
ABSTRACT 
ACKNOWLEDGEMENT 

I INTRODUCTION 

I1 REVIEW OF METALLIC SUPEROXIDES FOR 
A I R  REVITALIZATION 
2.1 General 
2.2 Chemical Reactions 
2.3 Recent Literature 

I11 PRELIMINARY GRINDING RATE STUDIES 
3.1 General 
3.2 Laboratory T e s t  Grinder Design 
3.3 T e s t  Procedure 
3.4 Grinder Test Results 
3.5 Discussion of  R e s u l t s  

TV PRELIMINARY RATE OF FEACTION STUDIES 
4.1 General 
4.2 T e s t  Apparatus 
4.3 T e s t  Procedure 
4.4 KO2 Analysis 
4.5 T e s t  Results 
4.6 Discussion of  R e s u l t s  

5 .1  Design Requirements 
5.2 Material Balances 
5.2.1 Carbon Dioxide Balance 
5.2.2 Oxygen Balance 
5.2.3 Water Balance 
5.3 
5.4 Microcontactor Design 
5.4.1 Microcontactor Requirements 
5.4.2 Microcontactor Concepts 
5.4.3 Sol id  Products Col lect ion Assembly 
5.5 Prototype Microcontactor Descr ipt ion 

6.1 Auxil iary Test Apparatus 
6.2 Instrumentat ion and Controls 
6.2.1 Power Supply 
6.2.2 Grinding Motor Speed Control 
6.2.3 Temperature 
6.2.4 Pressure 

V MICROCONTACTOR DESIGN 

High-Density KO2 Block and Grinder 

V I  DESCRIPTION OF TEST SYSTEN 

Page 

iii 
V 

1- 1 

2- 1 
2- 1 
2-3 
2-4 

3- 1 
3- 1 
3- 1 
3-3 

3-11 

4- 1 
4- 1 

3- r 

4-1 

4- 4-2 
4- 5 
4-5 

5-1 
5-1 
5-1 
5-1 
5-3 
5-3 
5-5 
5-8 
5-8 
5-8 

5-12 
5-12 

6-1 
6-1 
6-3 
6-3 
6-3 
6-5 
6-5 

vi i 



TABLE OF CONTENTS (Cont.) 

Sec t l on  

V I 1  

V I 1 1  

I X  

X 

XI 

T i t l e  -- 
6.3 Gas Analysis 
6.3.1 Water (Humidity) Analyzer 
6.3.2 Oxygen Analyzer 
6.3.3 Carbon Dioxide Analyzer 
6.3.4 Recorder 

PRELIMINARY TESTS 
7.1 General 
7.2 Grinding Rate as a Function of M3tor Speed 
7.3 Grinding Product S i ze  
7.4 Indenta t ion  Hardness Tes t  
7.5 Preliminary KO2 Runs 
7.6 Coating of KO2 
7.7 
7.7.1 
7.7.2 Grinder Product S i z e  

Discussion of Preliminary Tes t  Results 
Grinding Rate as a Function of Motor Speed 

Page -- 
6- 5 
6- 5 
6-5 
6-5 
6- 5 
7- 1 
7- 1 
7-2 
7-2 
7-2 
7- 8 
7-9 
7 -9 
7 -9 

7 -10 

TEST PiiOCEDURE 8- 1 

MICROCONTACTOR TEST RESULTS 9- 1 
9.1 General 9- 1 
9.2 Discussion of Microcontactor Tes t  Resu l t s  9- 16 

SUMMARY 10- 1 

CONCLUSIONS AND RECOMMENDATIONS 11-1 

REFERENCES R-1 

. 

. 



LIST OF ILLUSTRATIONS 

Figure NZJ. 

3- 1 
3-2 
3-3 

3- 4 

3-5 

4- 1 
4- 2 

4-3 

4-4 

4-5 

5- 1 

5- 2 

5-3 

5- 4 

5-5 
5-6 
5-7 
5-8 

6- 1 

6- 2 

T i t  l e  

Schematic of laboratory Grinder Tes t  Device 
Laboratory Grinder wi th  Epoxy/!I'alc Tes t  Block 
Laboratory Grinder with 2 RPM Motor and  Four 
Cutt ing Blades 
Ef fec t  of Weight on Blades on Grinding Rate f o r  
Epoxy/Talc Sample Block 
Effec t  of Weight on Blades on Grinding Rate for 
KO2 Sample Blocks 
Schematic f o r  Rate of Reaction S tudies  
P e r  Cent KO Reaction a s  Function of M D i s t u r e  
Concentratign and P a r t i c l e  S ize  
Per  Cent KO Reaction a s  Function of Rela t ive  
Humidity an8 P a r t i c l e  Size 
Oxygen Produced as Function of  Time and I n l e t  
A i r  Moisture Concentration 
E f f e c t  of 'JC2 C o n z e n t r ~ t i s n  oii a t e  UT Gxygen 
Production 
A i r  Flow Required t o  Remove 0.11 l b  C02/hr with 
I n l e t  Concentrations of 0.5 and 1.04% 
E f f e c t  of KO2 Reaction Eff ic iency  on Required 
KO2 Grinding Rate 
Relat ionship Between I n l e t  Moisture Concentrations,  
Quant i ty  of Water t o  be Removed and Required A i r  
Flow 
Residence Time f o r  Various Column Diameters and 
Heights 
Schematic of KO2 Microcontactor 
Overal l  View of  Microcontac t o r  
Top View of Grinding Chamber with Top Removed 
Top View of Grinding Chamber with Top Removed, 
Car t r idge  Holder Cover Removed and P i s  ton 
P a r t i a l l y  Retracted 
Process Flow Sheet KO2 Microcontactor Test  
Arrange men t 
O v e r a l l  View of T e s t  Appai*atus 

-- Page 

3-4 
3-5 
3-6 

3-12 

3-13 

4-2 
4-8 

4-9 

4-10 

4-11 

5-2 

5-4 

5-6 

5-9 

5-13 
5-14 
5-16 
5-16 

6-2 

6-4 

ix 



c 

Figure No. -- 
7- 1 

7-2 

7- 3 

9-1 
9- 2 
9- 3 
9- 4 
9- 5 
9-6 
9-7 
9-8 

9- 9 
9- 10 
9-11 

LIST OF ILLUSTRATIONS (Cont.) 

T i t l e  --- 
Cut t e r  Speed as Function of  Potentiometer 
S e t t i n g  
KO2 Grinding Rate as  Function of Grinder 
Speed 
High-Density KO2 Block and Sample of Grinding 
Product 
Gas Analysis During Run #1 
Gas Analysis During R u n  #2 
Gas Analysis During Run #3 
Gas Analysis During R u n  #4 
Gas Analysis During Run #5 
Gas Analysis During R u n  #6 
Gas Analysis During Run #7 
The E f f e c t  of KO2 Grinding Rate on the Oxygen 
Production Rate 
Ef fec t  of KO2 Grinding Rate on R.Q. 
E f f e c t  of I n l e t  C 0 2  Concentration on R.Q. 
F i l t e r  Chamber and Col lec t ion  Chamber During 
Typical Run 

Page 

7-5 

P 

7-6 

7-7 

9-2 
9-3 
9-4 
9-5 
9-6 
9-7 
9-8 
9-9 

9-10 
9-11 
9-15 

X 



. 

LIST OF TABLES 

Table No.  --- 
2- 1 

3- 1 

3- 2 
3-3 
3-4 
4- 1 
4- 2 

5- 1 

5- 2 
7- 1- 

7- 2 
7- 3 
9- 1 
9- 2 

T i t l e  Page 
-I_ 

Charac te r i s t i c s  of  V a r i o u s  Meta l l ic  Superoxides 
Relat ionship of Mesh Size , Average Diameter, 
Outer Surface Area and Total Outer Surface Area 
of High-Density KO2 P a r t i c l e s  
Summary of Grinding Tes ts-Ra t e  (lb/day) 
Summary of Screening Analysis 
Summary of S t a r t i n g  Torque Resul ts  
Rate of Reaction Study Resul ts  
Comparison of Measured Surface Area with 
Calculated Outer Surface Area f o r  Various 
Size KO2 P a r t i c l e s  
Dimensional Charac t e r i s t i c s  of 8 - H r  and 4-Hr 
KO2 Charges 
Extrapolated Grinding Rates 7-RPM Unsintered KO2 
Grinding Rates 
Summary o f  Screen Analysis 
Indenta t ion  Hardness T e s t  Resul ts  
Swnmary of  Experimental Resul t s  
Temperature and Pressure Resul ts  

2-2 

3-2 
3-8 
3-9 

3-10 
4-6 

4-12 

5-7 
5-7 
7-3 
7-4 
7-4 
9-12 
9-13 

, .  

Xi 



SECTION ONE 

INTRODUCTION 

This  publ ica t ion  r epor t s  on the  work performed under Contract NASw-551, 
which encompassed the  design, fabr ica t ion ,  and t e s t i n g  of a labora tory  
microcontactor  which uses  high-density,  m e t a l l i c  superoxides t o  
r e v i t a l i z e  a sea led  cabin atmosphere. The device provides in t imate  
contac t  between f i n e l y  divided superoxide p a r t i c l e s  and a dynamic a i r  
stream. I ts  primary components a re :  1) a g r inde r  f o r  producing t h e  
f i n e l y  divided p a r t i c l e s  from a high-density block of superoxide, and 
2) a r e a c t i o n - f i l t r a t i o n  zone ( see  Figure 5-5). 

The following advantages ( a s  compared w i t h  a granular  bed) r e s u l t  from 
t h i s  approach: 

1. Storage volume f o r  t h e  superoxide chemical is  reduced by a 
f a c t o r  of about 3. 

2. Chemical u t i l i z a t i o n  i s  p r a c t i c a l l y  complete because of i n t i -  
mate contac t  of a small  quant i ty  of small, p a r t i c l e - s i z e  
chemical w i t h  a r e l a t i v e l y  large volume of a i r .  

Control of O2 and C02 i n  the cabin a i r  i s  improved by supply- 
ing f r e s h l y  ground superoxide a s  needed and by con t ro l l i ng  
humidity l e v e l  i n  the  reac tor  zone. 

A lower pressure drop r e s u l t s  because of the  small  quan t i ty  of 
chemical exposed a t  one time. 

3 .  

4. 

A i r  r e v i t a l i z a t i o n  i n  a manned space veh ic l e  r equ i r e s  t h a t  carbon dioxide 
and water vapor produced by man be removed and the  oxygen consumed by 
man be replenished.  Meta l l ic  superoxides can a i d  i n  f u l f i l l i n g  these  
requirements. These chemicals reac t  with water vapor i n  t h e  a i r  t o  
r e l e a s e  oxygen. The m e t a l l i c  hydroxide r eac t ion  product then combines 
with carbon dioxide t o  produce the  me ta l l i c  carbonate and/or bicarbon- 
a t e .  Trade-off s t u d i e s  ind ica t e  tha t  t he  m e t a l l i c  superoxide approach 
t o  a i r  r e v i t a l i z a t i o n  i s  p r a c t i c a l  up t o  approximately 30 man-days i n  
f l i g h t .  Beyond t h i s  po in t ,  t h e  r e s u l t i n g  welght penal ty  favors  a 
regenera t ive  system. For these  longer missions,  a superoxide system 
can be used f o r  emergency back-up. 

1-1 
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SECTION TWO 

REVIEW OF METALLIC SUPEROXIDES FOR AIR REVITALIZATION 

2.1 GENERAL 

A t  p resent ,  there is considerable i n t e r e s t  i n  meta l l ic  superoxides due 
t o  the  high p o t e n t i a l  that these compounds have as poss ib le  a i r  rev i -  
t a l i z a t i o n  mater ia l s .  I n  the  p a s t ,  i n t e r e s t  was mainly d i r ec t ed  toward 
an at tempt  t o  understand the behavior of  these "abnormal oxides.'I 
P e t r o c e l l i  and Kraus (1963) made a review of the work done t o  da te  on 
the  superoxides and ozonides of various inorganic  mater ia l s  . Table 
2-1 shows the c h a r a c t e r i s t i c s  of four m e t a l l i c  superoxides which have 
p o t e n t i a l  as O2 supply/C02 removal chemicals. 

The major po r t ion  of the  research  and development work to da te  has. 
been performed us ing  potassium superoxide (KO2). 
a v a i l a b i l i t y ,  low cos t ,  and proven app l i ca t ion  a s  an emergency oxygen 

the  p re sen t  con t r ac t  was l imi ted  t o  the app l i ca t ion  of high-density 
potassium superoxide. 

This is due to  i t s  

=f +%.a ,..An17 m e w P - n m m A  ..maen cc)??rce. Fsr t h e  same rezs=m, t h e  sccpe " L A G  ""A Z L  p * i  A "A 111LU UU'ULC.L 

Potassium superoxide, KO2, has been commercially ava i l ab le  f o r  about 
30 years  as an oxygen source and has been used f o r  emergency breathing 
apparatus  by indus t ry ,  f i r e  departments, and the  mi l i t a ry .  The super- 
oxide i s  manufactured by spraying molten potassium i n t o  dry a i r ,  forming 
a yellow "fluff" which is l a t e r  compressed i n t o  cakes under 1800 p s i  
pressure.  The cakes a r e  then crushed t o  the  des i r ed  p a r t i c l e  s i z e .  
The canary yellow s o l i d  i s  commercially produced i n  the  2-4 mesh s i z e  
with a bulk dens i ty  of about 41 lb/ft3.  During manufacture, there  i s  
some contamination w i t h  K2C03 and KOH by r eac t ion  w i t h  t r aces  of  C02 

and water vapor i n  the  a i r .  
c a n i s t e r s ,  contains  l e s s  than t o t a l  of these  two 3mpurit ies.  The 
guaranteed minimum ava i l ab le  oxygen of  t h i s  ma te r i a l  a s  s t a t e d  by the  
vendor is 3% by weight ( t o t a l  t heo re t i ca l  a v a i l a b l e  oxygen = 236 
standard cc pe r  gram KO2 i n  r eac t ion  wi th  H20, o r  34% by weight).  
minimum guaranteed p u r i t y  is, therefore ,  about 94s. 

The product,  as packed i n  commercial 

The 

2-1 
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2.2 CHEMICAL REACTIONS 

The main r eac t ions  which occur wi th  KO2 a r e  as follows: 

1. 2K02 + H 2 0  -2KOH + 3/2 O2 

2. 

3. KOH + C 0 2  KHC03 

2KOH + C02  -->K2C03 + H20 

The following hydrat ing r eac t ions  a l s o  compet 

4. KOH + 3/4 H20 d KOH 3/4 H20 

w i t h  the above r ea  t i ons  : 

5. 

6. 

7. 

8. 2K,CO, + 3H,O L -2(K2C03 - 3/2 H20)  

KOH + H20 -KOH H20 

KOH + 2H20 -KOH 2H20 

2K2C03 + H20- 2(K2C03 1/2 H20) 

L d  

The human r e s p i r a t o r y  quot ien t  (R.Q.) , i . e . ,  the volume or molar ratio 
of C 0 2  expired t o  the O2 consumed by man, i s  usua l ly  taken a s  0.82. 
r eac t ions  1 and 2 above a r e  the only r e a c t i o n s  occurr ing,  then the 
r e s u l t i n g  R.Q. i s  0.67, l.e., too much oxygen is  produced by r e a c t i o n  
1 i n  order  t o  produce s u f f i c i e n t  KOH f o r  r e a c t i o n  2 t o  remove a l l  the 
C02  produced, o r  from the o t h e r  point  of view, too l i t t l e  C 0 2  i s  re- 
moved by r e a c t i o n  2 f o r  the amount of oxygen suppl ied by r e a c t i o n  1. 
On the o the r  hand, i f  r eac t ions  1 and 3 a r e  the  only r eac t ions  occurr ing,  
then the  r e s u l t i n g  R.Q. is 1.33, i .e . ,  too l i t t l e  oxygen i s  produced i n  
r e l a t i o n  t o  the C02  removed o r ,  again from the o t h e r  po in t  of view, too 
much C 0 2  is  removed i n  r e l a t i o n  t o  the O2 produced. 

Also, when the  hydrat ion r eac t ions  of KOH (4, 5, and 6) compete with 
r e a c t i o n s  2 and 3, the  R.Q. is reduced. Therefore, t o  match man's R.Q. 
of 0.82 e f f i c i e n t l y  by u t i l i z i n g  KO2 alone,  t h e  formation of both the  
carbonate and bicarbonate m u s t  occur, and the hydrat ion of KOH must be 
minimized. 

I f  

2-3 



2 .3  RECENT LITERATURE 

Bovard and S i n i s g a l l i  (1958) inves t iga t ed  the use of KO2 c a n i s t e r s  f o r  
maintaining the  atmosphere i n  a closed system. They used a small 
a l coho l  lamp i n  a 7 f t 3  drum as the  system f o r  one 22-hour t e s t .  
gas i n  the drum was c i r c u l a t e d  through a c a n i s t e r  conta in ing  375 grams 
of 4-8 mesh KO2. They concluded t h a t  the use of KO, would be sat is-  
f a c t o r y  a s  a source of oxygen and absorbent  f o r  carbon dioxide and 
water i n  c losed systems housing humans. They f e l t  more experimental  
work was requi red  t o  optimize such a system. 

Manned t e s t s  were conducted wi th  two men enclosed i n  a 210 f t  chamber 
f o r  6.3 and 7 hours (Bovard, Maustel ler ,  and Ba tu t i s ,  1959). The 
atmosphere i n  these  two t e s t s  was con t ro l l ed  by c i r c u l a t i n g  the a i r  
through a KO, c a n i s t e r .  
con t ro l  a l a rge  closed system atmosphere. 

The 

3 

It was concluded that  KO2 would s a t i s f a c t o r i l y  

Bovard (1959) reviewed the use of potassium superoxide and sodium 
chlora te  candles for con t ro l l i ng  a closed chamber atmosphere. This  
review included two previous inves t iga t ions  made by Mine Safe ty  
Appliance (MSA) Research Corp. 

Keating and Weiswurn (1960) demonstrated w i t h  h m n  sub jec t s  i n  a 
s ea l ed  environment t h a t  a pass ive  a i r  regenera t ion  system using potas- 
sium superoxide w i l l  provide a i r  r e v i t a l i z a t i o n  without using blowers, 
fans ,  or  e l e c t r i c  power. Their r e s u l t  of a one-man, 168-hour t e s t  
i nd ica t e s  t ha t  approximately 0.33 l b  of KO2 pe r  man-hour i s  requi red  
t o  passively regenerate  a sea led  environment. The KO2 was a b l e  t o  
maintain s u i t a b l e  02, C 0 2 ,  and r e l a t i v e  humidity concentrat ions wi th  
no add i t iona l  scrubbing chemical or driers. Two of the t e s t s  were 
terminated due t o  eye i r r i t a t i o n  of the sub jec t  from KO, powder i n  the  
a i r .  

Optican (1962) evaluated the  e f f e c t s  of the var ious opera t ing  para- 
meters on KO2 c a n i s t e r s  f o r  l i f e  support  systems i n  a manned space 
vehic le ,  An annular ,  screen-type c a n i s t e r  was developed t o  reduce the 
pressure drop through the KO2 bed. The r o l e  of C 0 2  concentrat ion i n  
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e s t a b l i s h i n g  the C02 acisorption r e t e  and the  O2 generat ion rate WELB 

shown, as well  a s  the r o l e s  of absolute humidity and c a t a l y s t s  i n  
e s t a b l i s h i n g  the  O2 generat ion r a t e .  
b i l i t y  of using KO2 alone f o r  both O2 generat ion and C02  adsorp t ion  I n  
a volume r a t i o  matching man's R.Q. 

He was unable to prove the feasl- 

A program t o  i n v e s t i g a t e  the use of potassium and sodium superoxide 
f o r  oxygen con t ro l  i n  manned space vehicles  was recen t ly  completed 
(Kunard and Rodgers, 1962). This study used the  c a n i s t e r  approach, 
i . e . ,  pass ing  the  moist, C02-enriched a i r  through a c a n i s t e r  of KO2 
granules  (usua l ly  4-6 mesh). 
r e a c t i o n  of dry C 0 2  with KO2. This ind ica t e s  that the C 0 2  does no t  
r e a c t  d i r e c t l y  w i t h  the KO2, but  only wi th  the  r eac t ion  product,  KOH. 

The r e s u l t s  showed tha t  there  is  no 

With high concentrat ions of C 0 2  and water vapor, they found t h a t  the 
i n i t i a l  oxygen production r a t e  was high. A s  the  r eac t ion  proceeded, 
the O2 production r a t e  decreased while the  water adsorp t ion  r a t e  
remained e s s e n t i a l l y  constant.  This ind ica ted  that hydrat ion of the 
r e a c t i o n  products was competing w i t h  the  r e a c t i o n  of KO2. 

They concluded t h a t  by con t ro l l i ng  the i n l e t  C02/H20 mole r a t i o  a t  
2/1, the  r a t i o  of C 0 2  uptake t o  O2 re lease  could be cont ro l led  a t  
about 0.82, matching the humn R.Q. 
water concentrat ion was t h e  con t ro l l i ng  f a c t o r  i n  the r a t e  of oxygen 
production. A high i n i t i a l  water concentrat ion i n  the  i n l e t  stream 
r e s u l t e d  i n  a high i n i t i a l  rate of  oxygen evolut ion.  
w i t h  time, even though the water concentration was maintained a t  the  
o r i g i n a l  high l eve l ,  s ince  the surface was becoming coated with the  
r e a c t i o n  products.  
t i o n  r a t e  becomes dependent on the d i f fus ion  r a t e  of oxygen ou t  o f ,  
and water i n t o  the granule. 

They a l s o  found t h a t  the  absolu te  

This r a t e  dropped 

Af ter  the KO2 p a r t i c l e s  become coated, the  evolu- 

K u n a r d  and Rodgers concluded t h a t  i t  i s  d e s i r a b l e  t o  opera te  a KO2 bed 
w i t h  t he  lowest water concentrat ion which w i l l  provide s u i t a b l e  O2 
evolution. This w i l l  prevent  mushing of  the c a n i s t e r  bed, due t o  
overloading wi th  water, and w i l l  a l so  prevent  over-production of 02. 
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The recent  Boeing t e s t  (NASA, 1964) used sodium superoxide (NaOg) 
successfu l ly  f o r  c o n t r o l l i n g  the atmosphere of the sealed chamber. 
This was e s s e n t i a l l y  a complete 150 man-day t e s t .  
as a backup t o  remove C02,  as required.  
were used w i t h  a t o t a l  of about 900 l b  of Na02. 
the beds a lone  was about 38 ft3. 

Sone L i O H  was used 
S ix  beds of  the superoxide 

The t o t a l  volume of 
Chamber a i r  was mixed with d r i e d  

( s i l i c a - g e l )  a i r  t o  g ive  the des i r ed  i n l e t  humidity. 
humidity o f  the a i r  was 0.0042 mm air 

The average i n l e t  
l b  H20 g ra ins  H20 

) *  ( 3 0  lb dry  a i r  

During the 29.37 days of opera t ion ,  the oxygen concentrat ion ranged 
from 19.0 t o  22.8% w i t h  a time-weighted average of 20.88. The C 0 2  
concentrat ion ranged from 0.30 t o  0.87% with a time-weighted average 
of 0.717%. 
LiOH was requi red  f o r  5.7% of the t o t a l  C02 removed. 

A s  ind ica ted  by t h i s  b r i e f  review, the  work t o  da t e  has shown tha t  KO2 
can be used e f f e c t i v e l y  f o r  generat ing oxygen and removing carbon 
dioxide i n  a closed environment. The remaining problem appears t o  be 
one of f ind ing  the  most e f f i c i e n t  means of using the chemical. 

The y i e l d  of oxygen was ca lcu la ted  as 96.7% of t h e o r e t l c a l .  

E l e c t r i c  Boat ' s  proposed approach was t o  design a microcontactor u n i t  
capable of continuously producing f i n e  mesh p a r t i c l e  s i z e  KO2. Fresh 
r eac t an t  su r f ace  would thus be continuously c rea t ed  and exposed. It 
was f e l t  t h a t  the advantages of using small p a r t i c l e  s i z e  KO2 had no t  
received f u l l  considerat ion.  It was pos tu l a t ed  that  the r a t e  of  con- 
vers ion  of r e a c t a n t  t o  product  increases  by decreasing the p a r t i c l e  
s i z e .  The decrease i n  product f i l m  th ickness ,  w i t h  the consequent 
decrease In r e s i s t a n c e  t o  r e a c t a n t  d i f f u s i o n ,  was a l s o  expected t o  
enhance the  conversion of the s o l i d  r eac t an t .  

. 
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. SECTION THREE 

PRELIMINARY GRINDING RATE STUDIES 

3.1 GENERAL 

One of the main funct ions of the microcontactor concept was the cont in-  
uous c rea t ion  of small, fresh p a r t i c l e s  from a block of high-density 
KO2. Potassium superoxide i s  ava i lab le  i n  d e n s i t i e s  reaching about 120 
lb/ft3. Both unsintered and s in t e red  types are ava i lab le .  Unsintered 
KO2 i s  prepared by compressing t o  the des i red  dens i ty  the  very f i n e  
(-200 mesh) yellow " f l u f f "  formed by spraying molten potassium i n t o  dry 
a i r .  The s i n t e r e d  mater ia l  i s  prepared by compressing the same s t a r t -  
i n g  ma te r i a l  t o  an  intermediate  densi ty  and then crushing t o  a p a r t i c l e  
s i z e  of about 20 mesh. These p a r t i c l e s  a r e  s i n t e r e d  and then compressed 
i n  a mold t o  the  f i n a l  des i red  density. S in te red  KO2 i s  a darker  yellow 
co lo r  than  the  unsintered. 

"he r e l a t i o n s h i p  between mesh s i z e ,  average diameter, average ou te r  sur-  
f a c e  area, and t o t a l  ou te r  sur face  area of KO2 p a r t i c l e s  is shown i n  
Table 3-1. I n  designat ing the  average diameter and ou te r  sur face  area, 
i t  w a s  assumed t h a t  the p a r t i c l e s  a r e  sphe r i ca l  i n  shape. Mesh s i z e  

diameter based on values given for the Tyler  standard se ive  series. The 
column on the  extreme r igh t  of t h e  t ab le  i l l u s t r a t e s  how the  t o t a l  o u t e r  
sur face  a rea  of the  KO2 p a r t i c l e s  (per u n i t  weight of material) Increases  
as the  p a r t i c l e  s i z e  decreases. 

a*n+--=.tan the  -..-ban 
U I . " I b L . U " b "  " L l b  * * U . ' ' Y ~ A  Gf =pe.;.,ings pe r  inch i:: 2 screen, Xith p"rticlP 

3.2 LABORATORY TEST GRINDER DESIGN 

The method se l ec t ed  f o r  manufacturing the  required small p a r t i c l e s  
f ea tu red  a device for gr ind ing  the  high-density KO2 block which would 
be held i n  place by spring-loading a t  constant  pressure aga ins t  a sui t -  
able gr inder .  After  reviewing possible  gr inding  methods, the  use of a 
slowly revolving c u t t i n g  t o o l  appeared t o  be the  most feasible. 
small test device was designed t o  determine the  gr inding  c h a r a c t e r i s t i c s ,  
i .e. ,  product p a r t i c l e  s i z e s ,  grinding r a t e s ,  and the spr ing  loading and 
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power requirements f o r  proper des ign  of  a labora tory  prototype uni t .  
A schematic of the tes t  device i s  shown i n  Figure 3-1. The gr lnding  
test device  was dr iven  by a 2-rpm, gear-head, a-c motor coupled t o  the 
s h a f t  of a carbon s teel  spindle. The sp ind le  passed through the clear 
p l e x i g l a s s ,  p a r t i c l e  c o l l e c t o r  and was a t tached  t o  a t o o l  holder. This 
t o o l  ho lder  held two tungsten carbide c u t t e r s ,  each measuring one-half 
t he  diameter of t he  t o o l  holder. 
a p a r t  from each o t h e r  and each had a 7' relief angle. 
block w a s  held i n  p lace  by a holder mounted t o  the frame. A moving re- 
t a i n e r ,  which incorporated two holding p ins ,  held the KO2 block i n s i d e  
t h e  holder. A fo l lower  with a square shaft  prevented the r e t a i n e r  and 
KO2 block from r o t a t i n g  but allowed v e r t i c a l  movement as the  KO2 block 
was forced  aga ins t  the c u t t i n g  too l .  A platform w a s  a t tached  t o  the 
top of the  follower shaf t  t o  support  weights which simulated various 
spr ing  pressures.  Photographs of the assembled u n i t  are shown i n  Fig- 
u r e  3-2.and Figure 3-3. A t  the completion of the runs wi th  the 2-rpm 

They were mounted r a d i a l l y ,  180' 
The KO2 sample 

motor, modifications were msde t o  increase the gr inding  s a t e  by rep lac-  
i ng  the 2-rpm motor w i t h  a 7-rpm motor and by adding two more c u t t e r  
blades, making a t o t a l  of fou r ,  each placed 90' apart. 

3.3 TEST PROCEDURE 

The gr inding  device and the  two KO2 sample blocks, s i n t e r e d  and unsin- 
t e r ed ,  each 115 l b / f t 3  were placed i n  a dry box. The gr inding  cievice 
was leve led  s o  as t o  have the  f a c e  of the c u t t i n g  t o o l  i n  a t r u e  ho r i -  
zon ta l  pos i t ion .  The d r y  box was allowed t o  come t o  equilibrium before  
the KO2 block w a s  removed from i t s  sealed container.  With t h e  holder  
loosened and f r e e  t o  s l ide  up and down on the  support frame, the KO2 
sample block was placed i n  the holder and i t s  p i n  holes  l i n e d  up w i t h  
the p ins  of t he  r e t a i n e r .  The holder was then leve led  t o  assure  a t r u e  
ho r i zon ta l  alignment of the sur face  of the  KO2 block wi th  the f ace  of 
the c u t t i n g  too l .  
edge of the holder. The holder was then bol ted  i n  t h i s  p o s i t i o n  and 
t he  des i r ed  weight was placed on the platform. 

7 

About 1/8 in .  of the block was exposed be10W the  

The g r i n d e r  was operated for two t o  f i v e  minutes w i t h  the p a r t i c l e s  
c o l l e c t i n g  on t h e  t o o l  holder and i n  the p a r t i c l e  c o l l e c t o r .  A t  the  
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FIGURE 3-2 LABORATORY GRINDER WlTH EPOXY/TALC TEST 
B L K K  
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FIGURE 3-3 LABORATORY GRINDER WITH 2 RPM MOTOR AND FOUR 
CUTTING BLADES 
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. 
end of the a l l o t t e d  t i m e ,  t h e  meter was shu t  off  and the  p a r t i c l e s  co l -  
l e c t e d  and weighed. A screen ana lys i s  w a s  then made on the  product ob- 
tained. 

S t a r t i n g  torque measurements were made by removing the p l a s t i c  p a r t i c l e  
c o l l e c t o r  and observing the  average force necessary t o  s t a r t  the c u t t e r  
blades moving aga ins t  the KO2 block a t  var ious  loadings. A r i g i d  metal 
rod was i n s e r t e d  i n t o  a set-screw hole i n  the side of the c u t t i n g  t o o l  
head so that  the requi red  f o r c e  could be appl ied  and measured a t  a 
f i x e d  d i s t ance  from the c e n t e r  of the c u t t e r  assembly. Readings were 
taken us ing  a ca l ib ra t ed ,  por tab le ,  spring-type s c a l e  appl ied  tangen- 

inhe ren t  i n  the system, a s m a l l  Teflon d i s c  was placed between the top  
of the motor shaft and the  bottom of the c u t t e r  spindle.  A coupling w a s  
f a s t ened  t o  t h e  motor shaf t  w i t h  a set-screw and the c u t t e r  sp indle  w a s  
allowed t o  r o t a t e  f r e e l y  i n  the upper p a r t  of the coupling. 

. t i a l l y  t o  t h e  d i r e c t i o n  of ro t a t ion .  To minimize t he  s h a f t  f r i c t i o n  

Grinding ra te  and torque measurement tests were made a t  various weight 
losd ings ,  using both the s i n t e r e d  and t h e  uns in te red  KO2 samples and a 
dummy block made of (4($/60$) epoxy/talc. The gr inding  experiments 
were f i r s t  conducted on the dummy epoxy/talc block t o  check out  the 
opera t ion  of the  assembly. After completing runs w i t h  t he  2-rpm motor, 
the experiments were repeated us ing  the  7-rpm motor and the four 
blades. 

3.4 GRINDER TEST RESULTS 

The r e s u l t s  of a l l  t h e  gr inding  tests are summarized i n  Tables 3-2, 
3-3, and 3-4, and Figures 3-4 and 3-5. 

The runs using the 2 - r p m  motor and the two z u t t i n g  blades exper i -  
enced some d i f f i c u l t y  i n  a l ign ing  the block on the c u t t i n g  blade. 
The f o u r  b lades  pos i t ioned  90' apa r t ,  e l imina ted  t h i s  alignment prob- 
l e m  during t h e  runs using the  7-rpm motor. 

A 1/4-in. diameter hole was d r i l l e d  i n  the c e n t e r  of each of t h e  tes t  
blocks during t h e  7-rpm runs t o  e l imina te  t h e  near-zero b lade  v e l o c i t y  
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TABLE 3-2 

SUMMARY OF GRINDING TESTS - RATE (Ls/DAY) 

W t .  on 7-rpm 
Blade 2-rpm, 7-rpm, &blade 

Material ( l b )  2-blade 4-blade 1/4-in. cen te r  hole  

Epoxy/Talc 6 0.15 0.03 0.04 

Dummy Block  11 ---- 0.20 0.22 

16 0.18 0.39 0.63 

21  0.30 0.86 1.08 
26 0.40 ---- 1.57 

Un s i n  t e red 6 0.25 ---- 
KO2 B lock  11 0.25 ---- 

Sintered  6 0.41* ---- 
KO2 B l o c k  11 0.23 ---- 

1.3 

2.3 

3.7 

1.2 

3.2* 

Piece broken o f f  block, probably a high value.  
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TABLE 3-4 

SUMMARY OF STARTING TORQUE RESULTS 

S t a r t i n g  Torque w i t h  Unsintered KO2 (4 Blades)  

Weight on Blade 

6 

11 

16 

S t a r t i n g  Torque 

0.5 
0.78 

1.12 

( l b - f t )  - 

S t a r t i n g  Torque with S in te red  KO2 (2 Blades) 

Weight on Blade S t a r t i n g  Torque 
( I b )  - ( l b - f t )  

6 0.3 

11 0.9 

S t a r t i n g  Torque with Epoxy Block 

Weight on Blade 
( lb ) 

6 

11 

16 

S t a r t i n g  Torque 
( 2 Blades) 

( l b - f t )  

0.15 

0.25 

0.58 

S t a r t i n g  Torque 
( 4  Blades) 

( l b - f t  I 
0.25 

0.6 

1.0 
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a t  the  center .  T h i s  modification increased the gr inding  ra te  s i g n i f i -  
c a n t l y  as can be seen i n  Table 3-2. 

The smaller p a r t i c l e s  which r e s u l t e d  from gr inding  the unsintered KO2 
block were i n  the form of f i n e  granules, while the larger p a r t i c l e s  
were s h o r t  and needle-like i n  shape. The s i n t e r e d  material tended t o  
fragment i n t o  the precompression p a r t i c l e s  (about 20 mesh) and showed 
more of a tendency toward crumbling. This may account f o r  t h e  h igher  
r a t i o  of l a r g e r  p a r t i c l e s .  

3.5 DISCUSSION OF RESULTS 

Both s i n t e r e d  and uns in te red  KO2 gave a higher propor t ion  of f i n e  
p a r t i c l e s  than was o r i g i n a l l y  an t ic ipa ted .  Because the high-density 
material was so  hard and requi red  such a l a r g e  f o r c e  a g a i n s t  the c u t t e r  
blade, much of the energy w a s  expended i n  p a r t i c l e  s i z e  reduction. 

Grinding rate r e s u l t s  us ing  the epoxy/talc dummy block ind ica t ed  an 
exponent ia l  i nc rease  w i t h  Increas ing  b lade  weight (see Figure 3-4).  

Data f o r  the 2-rpm runs were s u f f i c i e n t  only t o  es tab l i sh  the f a c t  t h a t  
a small f rac%ion of the desired 7-lb per  day was achieved. These data 
were l a t e r  supplemented with more complete information a t  condi t ions  
pe rmi t t i ng  a h igher  gr inding  l eve l .  The 2-rpm gr inding  rates w e r e  s o  
much lower than an t i c ipa t ed  t h a t  a d d i t i o n a l  r u n s  a t  this  l o w  speed were 
no t  made. 

After modifying the t e s t i n g  device ( increas ing  the speed t o  7 r p m  and 
doubling the number of c u t t i n g  blades) gr inding  rates f o r  both s i n t e r e d  
and uns in te red  tes t  blocks appeared t o  be almost d i r e c t l y  p ropor t iona l  
t o  the t o t a l  weight on the blades over the range of weights t e s t e d .  Data 
f o r  comparing the two gr inding  conditions are shown i n  Figure 3-5. 

’ 

Inc reas ing  t h e  weight on the  two blades of the 2-rpm g r i n d e r  r e s u l t e d  
i n  a f u r t h e r  reduct ion  of p a r t i c l e  s i z e  f o r  bo th  types of KO2. Using 
the four-bladed, 7-rpm g r i n d e r  and the uns ln te red  KO2 block, i nc rease  
i n  weight showed no s i g n i f i c a n t  f u r t h e r  reduct ion  of p a r t i c l e  s i z e  over 
t h a t  obtained a t  11 lb and 2-rpm. The h igher  propor t ion  of l a r g e r  
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p a r t i c l e s  obtained when gr inding  the  s i n t e r e d  material  a t  7 rpm can be 
a t t r i b u t e d  t o  the  crumbling a c t i o n  not iced  when gr inding  the s in t e red  
KO2 

The s t a r t i n g  torque appeared t o  be d i r e c t l y  propor t iona l  t o  the  pres-  
sure agains t  the blade. However, it should be pointed out  t h a t  t h e  re- 
por ted  values a r e  averages and tha t  t he re  was a considerable  range i n  
t h e  experimental r e s u l t s  obtained. 

Although t h e  p a r t i c l e  s i z e s  produced were much smaller than o r i g i n a l l y  
an t i c ipa t ed  (20-40 mesh), these  smaller p a r t i c l e s  would be expected t o  
r e su l t  i n  fas ter  r eac t ion  rates as a r e s u l t  of increased sur face  a rea  
w i t h  all o the r  th ings ,  such as poros i ty ,  being equal. 
advantage may be a somewhat higher  pressure  drop across  any f i l t e r  used 
t o  remove the  r eac t ion  products. The uns in te red  ma te r i a l  appeared t o  
have the bet ter  gr inding c h a r a c t e r i s t i c s  s ince  i t  res i s ted  crumbling 
and was a c t u a l l y  ground by the c u t t i n g  too l .  

A poss ib le  d i s -  

A s  s t a t ed  e a r l i e r ,  t he  gr inding ra tes  w i t h  the 2-rpm motor were much 
lower than an t ic ipa ted .  T h i s  was probably due t o  t h e  hardness of t he  
material which d i d  not  a l low the  c u t t i n g  t o o l  t o  c u t  as deeply as was 
assumed. After the motor speed was increased and the  c u t t i n g  blades 
increased from two t o  four ,  a higher  gr inding  r a t e  was achieved. 

It was concluded t h a t  t he  gr inding  r a t e  r e s u l t s  obtained were s u f f i c i e n t  
t o  design a g r inde r  device f o r  a one-man microcontactor labora tory  pro- 
totype. Grinding rates  could be s tudied  f u r t h e r  i n  t h e  prototype. 
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SECTION FOUR 

PRELIMINARY RATE OF REACTION STUDIES 

4.1 GENERAL 

The only r eac t ion  r a t e  data a v a i l a b l e  are average rates of oxygen pro- 
duc t ion  during a t e s t  period of s eve ra l  hours. A major f e a t u r e  of the  
microcontactor approach w a s  the  an t i c ipa t ed  high r eac t ion  ra te  t h a t  
would occur i n  the r e a c t i o n  zone while the .KO2 p a r t i c l e s  were being 
swept through the system by the a i r  stream. For t h i s  reason it  was i m -  
p o r t a n t  tha t  the r eac t ion  rates, a s  a f f ec t ed  by the opera t ing  parameters, 
were w e l l  understood, e spec ia l ly  during t h e  s h o r t  i n t e r v a l  immediately 
following exposure t o  the  moist a i r .  This information w a s  needed f o r  
proper design of the labora tory  prototype. Semi-quantitative tests 
were the re fo re  made t o  determine the  ex ten t  of r eac t ion  as a func t ion  
of t i m e ,  moisture concentration, p a r t i c l e  s i z e ,  and carbon dioxide con- 
cent ra t ion .  The t es t  set-up was designed t o  simulate a f l u i d i z e d  bed 

r e a c t i o n  which allows in t imate  contac t  of the KO2 p a r t i c l e s  and the 
i n l e t  air .  

4.2 TEST APPARATUS 
.Fne test ai7i:angei,ient LL.. L -... - _ _ ^ _  

b t i a b  w a a  UD& to i i i ~ e ~ t i g a t e  the T Z ~ C  sf ~ e a ~ t i ~ ~  
of KO2 i s  shown i n  Figure 4-1. 
C 0 2  - a i r  mixing tank, which allows t h e  C 0 2  l e v e l  t o  be con t ro l l ed  a t  
any des i r ed  concentration. House a i r  w a s  used t o  es tab l i sh  the zero  
po in t  of  the C 0 2  analyzer. 
i n d i v i d u a l  flow regula tors .  

The i n l e t  gas  w a s  taken from the house 

Both gas  I n l e t  streams were passed through 

A humidi f ie r  which cons is ted  of a mixing chamber that  permitted the 
i n l e t  gas  t o  bubble through water a t  room temperature was used t o  add 
moisture t o  the  house air-C02 supply. Since the  house a i r  supply was 
q u i t e  dry,  it was not necessary t o  remove moisture from the i n l e t  a i r  
for t h i s  test  program. A by-pass cont ro l  was provided so that a por t ion  
of the dry  i n l e t  gas mixture could be nixed with the  humidified stream 
thereby allowing c o n t r o l  over the des i red  range of humidity. 
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Humidity contr01, ranging from about 40 t o  90 g r a i n s  water pe r  pound 
dry a i r  ( 3 @  t o  SO$ R.H. a t  room temperature), could be r e a l i z e d  from 
t h i s  system a t  flow rates up t o  about 2 scfm. Absolute humidity values 
were used throughout, s ince  the  r e l a t i v e  humidity expression i s  mean- 
i n g f u l  only when accompanied by the  appropr ia te  dry bulb temperature. 

Downstream from t h e  humidifier,  a thermometer was i n s e r t e d  i n  the l i n e  
t o  measure the dry  bulb temperature o f  the i n l e t  air .  A w e t  bulb ther- 
mometer was i n s e r t e d  i n t o  a bleed l i n e  o f f  the main gas l i ne .  W e t  bulb 
measurements were made i n  t h e  bleed l i n e  so as not  t o  add water vapor 
t o  the a i r  whi le  the w e t  bulb temperature was being measured. The main 
gas l i n e  then passed through a flow meter, and then  t o  a 2-way valve 
w i t h  one p o s i t i o n  t o  a vent and the other p o s i t i o n  t o  the r e a c t o r  co l -  
umn. The r e a c t o r  column was a 1-ft  length  of 1-in. I D  p l e x i g l a s s  tub- 
ing. The r e a c t o r  column i n l e t  passed through a quick-disconnect adaptor 
which held 3 porousy s t a i n l e s s - s t e e l  f i l t e r  (165 microns). Sample l i n e s  
upstream and downstream from the r e a c t o r  column passed through a small 
flow meter t o  a L i r a  C02 In f ra red  Analyzer. 

4.3 TEST PROCEDURE 

Because of the l i m i t e d  supply of high-density KO2, the 
a c t i o n  
iiiis rriatei-iai was s u p p i i e r i  i r i  a 4 - 8 meai l  size arid was iiieri grwurici 

rate of re- 
runs were made w i t h  low-density KO2 ( 4 1  l b / f t  3 bulk dens i ty) .  

rnl 

w i t h  a mortar and pestle. The ground product was separa ted  i n t o  the 
var ious  p a r t i c l e  s i z e s  by using a set of mesh screens.  Weighed samples 
of the var ious  p a r t i c l e  s i z e s  were then prepared. 
was done i n  a drybox 
was always i n  an a i r - t i g h t  sample bo t t l e .  

A l l  handling of KO2 
except f o r  t h e  weighings, i n  which case the KO2 

A run was i n i t i a t e d  by s e t t i n g  the  des i red  r eac t ion  column i n l e t  mois- 
t u r e  and Cog concentrations.  
i ng  t h e  var ious  con t ro l  valves. 

These conditions were obtained by a d j u s t -  

When t h e  des i r ed  condi t ions  were a t t a ined ,  the run w a s  started by plat- 

i n g  t h e  2-way valve i n  the vent pos i t i on  and removing the adaptor  and 
f i l t e r  from t h e  bottom of the  r eac to r  column. The tes t  sample of KO2 
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was placed on the  f i l t e r  and then the  adaptor  and f i l t e r  were re fas tened  
t o  t h e  bottom of the  column. The 2-way valve was then placed i n  the 
column i n l e t  pos i t i on  and the  gas  mixture was allowed t o  pass  through 
t h e  column. The a i r  flow was ad jus ted  such t h a t  a l l  or most of t he  KO2 
p a r t i c l e s  were suspended i n  t h e  a i r  stream. A t  t h e  end of t he  t i m e  i n -  
crement, the 2-way valve was turned t o  the  vent pos i t i on  and the  adaptor  
and f i l t e r  were quickly removed from t h e  column. The f i l t e r  and reac-  
t i o n  products were t r ans fe r r ed  from the adaptor  i n t o  the ana lys i s  reac-  
t i o n  chamber. An ana lys i s  was then made on the  p a r t i a l l y  reac ted  sample 
f o r  t h e  amount of remaining a v a i l a b l e  oxygen. 

4.4 KO2 ANALYSIS 

The amount of  a v a i l a b l e  oxygen from the p a r t i a l l y  reac ted  KO2 sample 
was determined by t h e  add i t ion  of an  excess of water, then measuring 
the  volume o f  gas  produced i n  a gas  buret .  It was assumed that a l l  the 
gas  produced by t h e  water r eac t ion  was oxygen. 

The apparatus required for t h i s  ana lys i s  included a r eac t ion  chamber, 
an addi t ion  bu re t ,  and a gas bu re t  wi th  a compensator. All connections 
were of  ground g l a s s  j o i n t s .  After the  KO2 sample had been placed i n  
the  reac t ion  chamber, t h e  add i t ion  bu re t  was i n s e r t e d  and the  gas bu re t  
was connected t o  the  add i t ion  buret .  The l e v e l  i n  t h e  gas bu re t  was 
ad jus ted  t o  atmospheric pressure ,  then the  stopcock of  the add i t ion  

J. b u r e t  was closed. The add i t ion  bu re t  was f i l l e d  w i t h  d i s t i l l e d  water,  
which was then slowly added t o  the  KO2 sample i n  the  r eac t ion  chamber. 
An excess of water (about 15 m l )  was added. A magnetic s t i r r e r  was used 
i n t e r m i t t e n t l y  t o  ensure good mixing and complete reac t ion .  When the  
r e a c t i o n  was complete, as ind ica ted  by no f u r t h e r  change i n  gas bu re t  
readings,  t h e  gas  b u r e t  was leve led  t o  a tnospheric  pressure and t h e  
volume recorded. Both i n i t i a l  and f i n a l  gas bu re t  readings were cor- 
r e c t e d  t o  s tandard condi t ions and t h e  percent  r e a c t i o n  ca l cu la t ed  on 
t h e  b a s i s  of previously determined blanks. 
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4.5 TEST RESULTS 

A summary of all the rate of reaction runs is shown in Table 4-1. Fig- 
ures 4-2 and 4-3 show the relationship of percent reaction with the 
parameters of inlet moisture concentration and KO2 particle size. 
Moisture is expressed as grains water per lb of dry air, and percent 
relative humidity is shown for convenience. These runs were all made 
with an inlet C02 concentration of 0.s and a run length of 5 minutes. 
The amount of reaction increased with an increasing moisture concen- 
tration as was expected, but there was no apparent effect produced by 
different particle sizes. 

Figure 4-4 shows the oxygen volume produced (cc/gm) as a function of 
time for various inlet air moisture concentrations. These curves are 
for 100 - 150 mesh KO2 particles with an inlet C02 concentration of 
0.5%. As would be expected, the higher moisture concentrations re- 
sulted in a higher rate of reaction, but overall the reaction rates 
were slower than originally anticipated. 

The effect of C02 concentration on the rate of oxygen production is 
shown for two different carbon dioxide concentrations by Figure 4-5. 
An attempt was made to measure the change in C02 concentration as it 
passed through the reactor column but the infrared instrument was not 
sensitive enough to quantitatively m ~ a s u x  the SiiGii  dicference. 

4.6 DISCUSSION OF RESULTS 

c 

Apparently, KO2 particle size in the range from 20 - 150 mesh has only 
a slight effect on the rate of reaction under the experimental condi- 
tions studied as shown by Figures 4-2 and 4-3. There are two possible 
explanations for this result. The first is that by decreasing the 
particle size, the outside surface area per unit weight increases 
significantly but the total available surface area, which is comprised 
mostly of internal area due to the porosity of the particle, changes 
only slightly. Therefore, the total available surface area may be 
changing very little as the particle size is decreased. This is illus- 
trated by Table 4-2 which shows the surface area of various size KO2 
particles measured by Kunard and Rodgers (1962) using the standard 
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TABLE 4-IA 

RATE OF REACTION STUDY RESULTS 

MESH TYPE 
UN # S I Z E  OF RUN 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 

-20 + 40 
-20 + 40 
-20 + 40 
-20 + 40 
-20 + 40 
-60 + 80 
-60 + 80 
-60 + 80 
-60 + 80 
-20 + 40 
-60 + 80 
-60 + 80 
-60 + 80 

-100 + 150 
-100 -I- 150 
-100 + 150 
- loo+ 150 
- loo+ 150 
-100 + 150 
-100 + 150 
-100 + 150 
- loo+ 150 
-100 + 150 
-100 + 150 
-100 + 150 
-100 + 150 
-100 + 150 
- loo+ 150 ---------- ---------- 
------i.,-- ---------- ---------- ---------- 
-loo+ 150 
- loo+ 150 
-100 + 150 
-loo+ 150 
- loo+ 150 
-loo+ 150 
- loo+ 150 
-loo+ 150 
- loo+ 150 
-loo+ 150 
- loo+ 150 
-loo+ 150 

Blank 
Water 
Water 
Water 
Blank 
Blank 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Blank 
Water 
Water 
Water 
Water 
Time 
Time 
Time 
T i m e  
Time 
T i m e  
T i m e  
co2 
co2 
Blank 
Blank 
Blank 
Blank 
Blank 
Blank 
Blank 
c02 
co2 
COP 
COP 
Blank 
Blank 
Blank 
co2 
co2 
co2 
co2 
Time 

SAMPLE 
WEIGHT 
( Gm) 

0.293 
0.280 
0.251 
0.272 
0.180 
0.245 
0.274 
0.273 
0.286 
0.256 
0.263 
0.229 
0.233 
0.299 
0.297 
0.315 
0.345 
0.369 
0.263 
0.237 
0.264 
0.212 
0.186 
0.233 
0.221 
0.267 
0.298 
0.162 
0.158 
0.092 
0.295 
0.362 
0.381 
0.200 
0.213 
0.222 
0.240 
0.307 
0.204 
0.209 
0.177 
0.196 
0.226 
0.171 
0.202 
0.199 

LENGTH 
OF RUN 
(Min. ) 

-- 
5 
5 
5 -- -- 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
3 
3 
3 
1 
1 

15 
10 
3 

10 

-- 

-- -- -- -- -- -- -- 
5 
5 

10 
3 -- -- -.. 

10 
15 
3 

15 
5 

co2 

( X )  
CONC 

--- 
0.5 
0.5 
0.5 --- --- 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 --- 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
1.0 --- --- --- --- --- --- --- 
1.0 
1.0 
1.0 
1.0 --- --- --- 
1.0 
1.0 
1.0 
1.0 
0.5 

A I R  
VELOCITY 
(Ft/Sec ) 

--- 
2.7 
2.9 
2.9 --- --- 
1.6 
1.9 
1.7 
2.9 
1.7 
1.6 
1.6 

1.2 
1.2 
1.2 
1.3 
1.2 
1.3 
1.3 
1.0 
1.2 
1.2 
1.1 
1.1 
1.1 

--- 

--- --- --- --- --- --- --- 
1.2 
1.2 
1.3 
1.2 --- --- --- 
1.2 
1.2 
1.2 
1.2 
1.2 

48 
51.5 
85 

---- 
39 
83 
56 
70 
67.5 
59 
55 

50 
61 
70 
82 
82 
62 
69 
61.5 
79.5 
61 
62 

61.5 
6 ,l 

---- 

---- 
67.5 
60 
6 1  
59 
60 
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TABU 4-1B 

RATE OF REACTION STUDY RESULTS 

RESATIVE 
HUMIDITY 

UN # (2) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 

---- 
34 
41  
66 ---- ---- 
30.6 
65.7 
45 :8 
55.2 
52.7 
42 
39.9 

35.6 
39.1 
46.4 
56.2 
53 
37.9 
43.6 
42.8 
49.1 
37 
39.1 
39.1 
39.1 

---- 

---- ---- ---- ---- ---- ---- ---- 
40.4 
45.8 
45.8 
49.1 ---- ---- ---- 
54.3 
46.7 
39.9 
44.8 
38.6 

GAS VOL 
PRODUCED 

(E) 
19 5 

16.4 
87.7 

156.4 
185.9 
194.1 
13.4 

178.3 
127.6 
115 
143.5 
115.3 
137.2 
202.4 
44.9 

164.4 
115.6 
159.6 
161.5 
118 
152.3 
78.2 

126 
187.7 
172.3 
97.9 

14.6 
113.4 
75.1 

128.9 
81.1 

181.5 
161.6 
148.7 
188.2 

182.9 
182.5 
192.1 
200.9 
176.4 
163 
98.1 

171.3 
155.2 

----- 

---y 

x 
REACTION 

---- 
8.3 

44.5 
79.4 ---- ---- 

6.8 
90.5 
64.8 
58.4 
72.9 
58.6 
69.7 

22.8 
83.5 
58.7 
81.0 
82.0 
59 -9 
77.4 
39.7 
64.3 
95.2 
87.5 
49.7 

---- 

---- ---- ---- ---- ---- ---- ---- ---- 
75.6 
95.6 

92.9 
92.8 

---- 
---- ---- 
89.6 
82.8 
49.8 
87 
79 

Equalizing trouble a t  start - l i q u i d  s t ick ing  to bure t  
Equalizing t rouble  at start - Xiquid s t i c k i n g  to  buret 
Magnetic stirrer l e f t  on - heated react ion chamber 

A i r  i n l e t  tube popped o f f  - length of run m y  be in errox 
Trouble replacing f i l t e r  a f t e r  loading 

Gas leak out  water buret  

Spi l led sample i n  t r a n s f e r  - some probably lost 

Negative gas volume 
W i n t e r e d  KO from grinding exp 
Freshly groung s in te red  KO 
Freshly ground unsintered 402 
R e s h l y  ground unsintered KO2 
Freshly ground s in te red  lKl2 - possible  weighing error 
Freshly ground s in te red  KO2 
MSA old sample of high den~iep KO2 

Negative gas volume 

Ground umin te red  KO2 
LDw density KO2 
Low density KO2 
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TABLE 4-2 

COMPARISON OF MEASURED SURFACE A R E A  WITH CALCULATED OUTER SURFACE AREA 
FOR VARIOUS SIZE KO2 PARTICLES 

Part ic le  
S ize  

Measured 
Surface Area 

Calculated Outer 
Surface Area 

(Mesh) (m  2 103) ( PL 2 103) 
gm gm 

2-4 

4 -6 

6 -8 

8-10 

8-10 s intered 

10-14 

10-14 KO2 + 1% copper 

oxychloride ca ta lys t  

14-20 

20-28 

400 

400 

< 100 

600 

0.6 

0.84 

1 . 2  

1 . 2  

1.74 

1.74 

2.43 

3.39 

"Fluff" (200-270) 400 37.6 
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Brunnauer - Emmett - Teller  nitrogen absorp t ion  techniques. As a com- 
par i son ,  t h e  o u t e r  su r f ace  a rea  of var ious  s i z e  p a r t i c l e s  was calcu- 
la ted assuming t h e  p a r t i c l e s  were sphe r i ca l  and had a dens i ty  of about 
2.5 g m  p e r  cc. Th i s  table  shows t h a t  the ou te r  su r f ace  i s  a small 
par t  of the t o t a l  a v a i l a b l e  surface and, t he re fo re ,  t h e  a c t u a l  p a r t i c l e  
s i z e  i s  not  as important as t h e  i n t e r n a l  po ros i ty  of t he  material. 

The second poss ib l e  explanation i s  that the moment the KO2 particles 
s t a r t  t o  r e a c t  w i t h  the moisture i n  the a i r  stream, t h e  particles ag- 
glomerate, which g ives ,  i n  effect, l a r g e r  s i z e  particles.  The smaller 
s i z e  p a r t i c l e s  tended t o  agglomerate more r e a d i l y  than the l a r g e r  s i z e  
particles . 
Figure 4-4 shows that a f te r  an exposure t i m e  of two minutes, the per- 
cen t  r eac t ion  ranged from 1.5% t o  704% f o r  the d i f f e r e n t  moisture concen- 
t r a t i o n s  inves t iga ted .  The r e s u l t i n g  curves i n d i c a t e  tha t  the i n i t i a l  
ra te  of r eac t ion  i s  rap id  as a r e su l t  of it being a su r face  reac t ion .  
Once the r eac t ion  becomes d i f fus ion  con t ro l l ed ,  the rates become slower. 

The e f f e c t  of C02 concentration on the  ra te  of oxygen production does 
no t  appear t o  be s i g n i f i c a n t  as shown by Figure 4-5. Apparently, the  
d i f f u s i o n  process f o r  water vapor and oxygen i s  the same through KOH 
and i t s  hydrates w i t h  small carbonate concent ra t ions  as through the 
ycLILlr- uuub b~ WLUI I I L ~ I I ~ L -  G ~ L - V U K I E L ~ . ~  cuncentrations.  on-- ....*d..,.&* -.SA-¶- L _ ) - L - -  ------ - 

After 27 runs w i t h  t h e  low-density material had been completed, prepar- 
a t f o n s  were made t o  compare these  r e s u l t s  w i t h  a l i m i t e d  number of runs 
made w i t h  t h e  uns in te red ,  high-density KO2. The high-density blanks 
using f r e s h l y  ground ma te r i a l  and previously ground samples from the 
gr inding  experiments were a l l  s i g n i f i c a n t l y  lower than the blanks made 
on t h e  low-density ma te r i a l  ( s ee  Table 4-1). 
was ev ident  t o  account f o r  t he  lower a v a i l a b l e  oxygen content of the 
high-density material. However, the s u p p l i e r  guaranteed a n  ove r -a l l  
p u r i t y  of 9 8  on t h e  b a s i s  of oxygen evolu t ion  on a l l  f u t u r e  high- 
d e n s i t y  KO2 material. 
by t h e  s u p p l i e r  p r i o r  t o  shipment, and by General Dynamics/Electric 
Boat upon r e c e i p t ,  t o  v e r i f y  t h e  a c t u a l  oxygen content  of t h e  material. 

No reasonable explana t ion  

I n  l a te r  shipments, chemical ana lyses  were made 
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One poss ib le  source of e r r o r  i n  t h e  experimental work is  the de termln-  
a t i o n  of the moisture concent ra t ion  using wet and d r y  bulb thermometer 
readings. 
moisture concent ra t ion  by as much as 5 gra ins  water p e r  pound of dry 
air. The same e r r o r  i n  dry bulb readings changes the concent ra t ion  1 
t o  2 gra ins .  
Readings were in t e rpo la t ed  t o  the nea res t  0.5OF. 

An e r r o r  of 1°F i n  the wet bulb temperature changes the  

The thermometers used were c a l i b r a t e d  i n  2'F increments. 

It was concluded tha t  the superoxide p a r t i c l e  s i z e  i n  the range of 20 

t o  150 mesh i s  not an important v a r i a b l e  i n  the design of t h e  micro- 
contac tor  for the  following reasons: 

1. The rate of r e a c t i o n  t e s t s  i nves t iga t ed  t h i s  range of par -  
t i c l e  s i z e s  and it was found t o  have l i t t l e  e f f e c t  on the 
r eac t ion  r a t e .  

The gr inding  experiments discussed i n  Section Three ind ica t ed  
t h a t  the majority of the p a r t i c l e s  produced w i t h  t h e  s e l e c t e d  
c u t t i n g  t o o l  were w i t h i n  t h i s  range of p a r t i c l e  s i z e s .  

2. 

It i s  believed that  the r e s u l t i n g  p a r t i c l e  s i z e  i s  mainly a func t ion  
of the manufacturing method used i n  making the  high-density block. 

~ 
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SECTION FIVE 

MICROCONTACTOR DESIGN 

5.1 DESIGN REQUIREMENTS 

A one-man capac i ty  u n i t  was se l ec t ed  as the basis f o r  t h e  design of 
t h e  microcontactor.  Since a one-man capac i ty  u n i t  w i l l  r equ i r e  a 
minimum of about 0.3 l b  KO2 p e r  hour, it w a s  f e l t  t h a t  as a minimum, 
t h i s  rate of KO2 consumption should be used i n  o rde r  t o  work w i t h  
reasonable q u a n t i t i e s  of material. The following design parameters 
were se l ec t ed :  

Temperature 
Rela t ive  humidity ( a t  1 atm) 
O 2  par t ia l  pressure  
To ta l  p ressure  
C 0 2  i n l e t  conc . 
Respi ra tory  Quotient (RQ)  

C 0 2  expi red  
O2 consumption 
U f l  l n n ~  
--2- ---- 

Range 

65OF t o  80°F 
4% t o  6% 
137 t o  175 mm Hg 
0.5 t o  1.0 a t m  
0.5 t o  1.@ 

0.05 t o  0.73 l b / h r  
0.05 t o  0.60 l b / h r  

0.6 t o  1.1 

g*G? t= g*5' !  l h h n  
'"/ A A A .  

Design Point 

75 OF 
50% 

160 IlUn Hg 
* 1 atm 

0.5% 
0.82 

0.11 l b / h r  
0.10 l b / h r  
n i Q  i h h n  
V g L "  '"/"A 

The microcontactor concept must be capable of operatLng under a 
weightless condition. 

5.2 MATERIAL BALANCES 

5.2.1 Carbon Dioxide Balance 

For a one-man capac i ty ,  t h e  amount o f  C 0 2  which must be removed from 
t h e  atmosphere i s  approximately 0.11 lb /h r .  The i n l e t  concent ra t ion  
of t h e  C 0 2  and t h e  percent removal a s  it passes through t h e  KO2 material 
a r e  f a c t o r s  which determine t h e  quan t i ty  of a i r  which must be forced  
through t h e  microcontactor.  The r e l a t i o n s h i p  of t hese  f a c t o r s  is 
shown In Figure 5-1 f o r  two i n l e t  C02 concent ra t ions ,  0.5% and 1%. 
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Since t h e  0.5% C 0 2  i n l e t  concentration was taken as the  design condi- 
t i o n ,  t h i s  required h igher  a i r  flow rates. The percent  removal of 
t he  carbon dioxide from the  a i r  stream i s  related t o  t h e  residence 
time, moisture concentrat ion,  and temperature of t he  a i r  stream. 

To remove 0.11 l b / h r  of C02 requires  a minimum of 0.38 l b / h r  of the  
94$ KO2 material, assuming the  reac t ion  goes completely t o  t h e  
carbonate.  

As descr ibed i n  paragraph 5.2.2, the oxygen balance would requi re  a 
minimum of 0.315 lb/hr of t he  94$ pure KO2 mater ia l .  
l a r g e r  quan t i ty  was required,  s ince t h e  KO2 r eac t ion  was never 10% 
complete but  ra ther  w a s  probably between 80 and 9% complete. T h i s  
requi red  about 0.4 l b / h r  of KO2. 
t o  remove the  required quan t i ty  of C02,  e s p e c i a l l y  when a por t ion  of 
the KOH was converted t o  KHCO 

5.2.2 Oxygen Balance 

The only oxygen producing KO2 reac t ion  is: 

A somewhat 

This h igher  KO2 rate was s u f f i c i e n t  

3' 

2K02 + H20 2 KOH + 3/2 O2 

To supply the requi red  0.10 l b  O @ r ,  0.296 l b / h r  of pure KO2 i s  
required.  
lb /hr  of t h i s  material i s  required.  
able oxygen from t h e  KO2 is  released,  i .e. ,  t h e r e  i s  a complete 
reac t ion .  Any decrease i n  oxygen generat ion e f f i c i e n c y  r e s u l t s  i n  a 
correspondingly h igher  KO2 grinding rate.  
by Figure 5-2. Since the  r a t e  of reac t ion  s t u d i e s  ind ica ted  only 
about 80 t o  9% r eac t ion  a f t e r  f i v e  t o  t e n  minutes, about 0.4 l b  
KO+r  i s  required.  

The p u r i t y  of t he  ava i lab le  KO2 is  9%; t he re fo re ,  0.315 
This assumes t h a t  a l l  the  a v a i l -  

T h i s  r e l a t i o n s h i p  is  shown 

5.2.3 Water Balance 

The system must be capable of  removing 0.18 lb/hr of moisture from 
t h e  atmosphere t o  maintain t h e  desired environment. 
removal requirements can be as high as 0.54 l b / h r  depending on the 

Maximum moisture  

5 -3 



. 

4.0 

3.0 
2 
\ a 
A 
-0 
9) 

.L- 2.0 
i! 
9) 
K 

1.0 
$2- 

- 

, 

- 

- 

BASIS: One Man Capacity (0.10 Ib 02/hr) 
Available 0 2  - 0.34 Ib 02/lb KO2 
KO2 Purity - 94% 

0 '  I I I I 1 
0 20 40 60 80 1 00 

Per Cent React ion 

FIGURE 5-2 EFFECT OF KO2 REACTION EFFICIENCY 
ON REQUIRED KO2 GRINDING RATE 

5- 4 



a c t i v i t y  of t h e  crew members. 
of moisture concentration w i l l  extend from 37 t o  92 gra ins  moisture 
p e r  pound dry a i r  (4% RH a t  65OF t o  60$ RH a t  8OoP). 
between t h e  i n l e t  moisture concentration, the quan t i ty  of water t o  be 
removed, and t h e  requi red  a i r  flow is shown i n  Figure 5-3. 

Wi th in  t h e  design parameters, t he  range 

The r e l a t i o n s h i p  

The minimum amount of water required t o  r e a c t  w i t h  t h e  KO2 t o  produce 
t h e  des ign  f i g u r e  of 0.10 l b  O # r  is 0.0375 l b  H 2 0 / h r .  
of water used i n  the  r eac t ion  under a c t u a l  conditions depends on the 
amount of hydration which occurs with t h e  r eac t ion  products,  KOH and 
K2C03. 
h igh  enough t o  provide a r ap id  and f a i r l y  reasonable pressure  drop 
through t h e  r e a c t i o n  products. This optimum i n l e t  moisture concen- 
t r a t i o n  i s  not l i k e l y  t o  be s u f f i c i e n t  t o  remove completely the mois- 
t u r e  introduced i n t o  t h e  environment by the  crew members. The use of 
a microcontactor i n  an in t eg ra t ed  l i f e  support system would probably 
r e q u i r e  some independent con t ro l  of t h e  i n l e t  moisture.  This could be 
accomplished along with temperature c o n t r o l  by cooling t h e  cabin a i r  
I n  a suitable heat exchanger. 
type microcontactor,  t h e  i n l e t  moisture concent ra t ion  w i l l  be var ied  
t o  determine t h e  optimum concentration. 

The amount 

There undoubtedly i s  an  optimum i n l e t  concentration of moisture, 

During t h e  t e s t i n g  phase of the  proto- 

j -3  tr-rnu n w n i ~ ~ m r  vn DT nnv n n m  nvralnuv 
llIulI-u151YuII I 1 W 2  U U V I I l L  N I U  U J L I I ’ I Y Y I L  

For a one-man u n i t ,  complete and immediate u t i l i z a t i o n  of t h e  a v a i l a b l e  
O2 from t h e  KO2 r equ i r e s  about 2.5 l b  KO2 f o r  an 8-hour charge (7.5 
lb/day). A 2.5-lb charge of 115 lb / f t3  dens i ty  KO2 would r equ i r e  a 
volume of 37.5 in?  Table 5-1 shows t h e  r e s u l t i n g  he ights  of 8-hour 
and 4-hour charges requi red  f o r  t he  range of charge diameters a v a i l a b l e  
from M S A  Research Corporation. The maximum height  a v a i l a b l e  i s  about 
4 i n .  
would r e q u i r e  a d d i t i o n a l  t oo l ing  costs.  

Diameters o t h e r  than those  l i s ted  or he igh t s  g r e a t e r  than  4 i n .  

Ex t r apo la t ing  t h e  d a t a  from t h e  grinding t e s t  r e s u l t s ,  as shown i n  
Table 3-2, for 7-rpm, uns in te red  KO2 g ives  the  gr inding  r a t e s  as shown 
i n  Table 5-2. 
p o r t i o n a l  t o  t h e  gr inding  area w i t h  equal f o r c e  p e r  length of blade. 

It w a s  assumed t h a t  the gr inding  r a t e  i s  d i r e c t l y  pro- 
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TABLE 5-1 

DIMENSIONAL CHARACTERISTICS OF 8-KR AND 
4-HR KO2 CHARGES 

Area 
Ratio 

8-hr 4 -hr  
Charge Charge 

Diame t e r  Area Height Height 
( i n .  ) ( in? )  ( i n . )  ( i n . )  

1.875 2.77 13-5 6.75 
2.0 3.14 12.0 6 .o 
2.0625 3.35 11.2 5.6 
2.625 5.42 6 993 3.47 
2.75 5 -94 6.32 3.16 
3.0 7.08 5 -3 2.65 
6 .O 28.3 1-325 0.662 
6.375 32.0 1.172 0.586 

Grinding Rate lb/day 
t 

TABLE 5-2 

EXTRAPOLATED GRINDING RATES 
7-RFM UNSINTEXED KO2 

_ _  

Diameter Area 
( i n . )  2, 

Force on Blade 

(1.8 lb/ind (3.4 lb/in.  ) (4.9 lb/inJ 

1 875 
2.0 
2.0625 
2.625 
2.75 
3 ..o 
6 .o 
6.375 

2-77 
3.14 
3 -35 
5.42 
5 -94 
7.08 

28.3 
32.0 

1.0 
1.13 
1.21 
1.96 
2.14 
2.55 

10.2 
11.5 

1-3  
1.47 
1-57 
2.55 
2.78 
3.31 ; 

1 3 . 5  
15.0 

2.3 
2.6 
2.78 
4.5 
4.92 
5 -86 

23 -5 
26.5 

3.7 
4.18 
4.48 
7 - 2 5  
7.9 
9 -43 

37.8 
42.5 



A 3-in.  diameter KOg block with a fo rce  of 4.9 lb/ in ,  ,(of c u t t i n g  
blade f a c e ) ,  a t  7 i’pm gives  a gr inding  r a t e  of about 9.5 lbfday. 
t h i s  s i ze  block and a va r i ab le  speed gr inder ,  0-24 rpm, s u f f i c i e n t  
KO2 can be produced t o  support  one man. 
1/4-in. hole  i n  t h e  cen te r  of t h e  KO2 block gives  a t o t a l  blade 1ent:th 
of 5.5 in .  T h i s  requi res  t h a t  a t o t a l  force  of 27 l b  be exer ted  on 
the  KO2 block aga ins t  t he  c u t t i n g  blades.  
torque I s  d i r e c t l y  propor t iona l  t o  t h e  t o t a l  force .  From Table 3-3 
it can be ca l cu la t ed  t h a t  the. s t a r t i n g  torque required f o r  t h e  3- in .  
block of KO2 w i t h  a 27-lb fo rce  is about 2.0 l b - f t .  

5.4 MICROCONTACTOR DESIGN 

5.4.1 Microcontactor Requirements 

The microcontactor should be capable of providing a t o t a l  KO 
residence time Qf 5 t o  10 min. w i t h  in t imate  exposure t o  flowing a i r  
i n  t h e  reac t ion  zone. It must be able t o  produce about 0.4 lb/hr  of 
f r e s h  KO2 from a block of t h e  high-density material .  
it can be seen t h a t  an  a i r  flow o f  about 18 l b h r  o r  4 c f m  w i l l  remlove 
the  required C 0 2  w i t h  an i n l e t  concentrat ion of 0.5% and 8% removal 
e f f i c i ency  p e r  pass. 
h igher  C02 removal e f f i c i e n c i e s  and t o  provide high-veloci ty ,  d r y  a i r  
f o r  remnving f r e s h l y  grounc: p a r t i c l e s  from t h e  gr inding  device w i t h  a 
minimum of  s t i c k i n g .  

w i t t t  

Using f o u r  blades w i t h  a 

The requi red  s t a r t i n g  

p a r t i c l e  2 

From Figure 5-1 

An a i r  recyc le  should be provided t o  permit 

5 .4 .2  Microcontactor Concepts 

The ra te  of  r eac t ion  t e s t s  ind ica ted  t h a t  w i t h  a r e a c t o r  of reasonable 
size, KO2 p a r t i c l e s  suspended i n t h e  a i r  stream would not  r e a c t  com- 
p l e t e l y  i n  the  sho r t  time ava i l ab le .  The range of res idence times 01’ 

t he  ,KO2 p a r t i c l e s  r e s u l t i n g  from var ious  r eac t ion  zone diameters and 
he igh t s  i s  shown by Figure 5-4. These residence times a r e  f o r  zero 
g r a v i t y  condi t ions,  where the  KO2 p a r t i c l e s  a re  swept along by the  
a i r  stream only  and w i t h  a t o t a l  f low of  4 cfm through t h e  micro- 
contactor .  Any recyc l ing  of t he  a i r  would r e s u l t  i n  smal le r  res idence 
times. Figure 5-4 shows t h a t  w i t h  a reasonable s i z e  r eac to r ,  res idence 
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Limes of more than 20 t o  30 seconds are not  ob ta inable .  
a3 shown .In P-1,gSure 4-4 i nd ica t e  tha t  a residence time of between !, : t ~ ,  I 

10 min. i s  required f o r  80 t o  90$ r e a c t i o n ) .  
considered i n  an  attempt t o  design a microcontactor  t h a t  would produce 
t h e  required residence time for a nea r ly  complete reac t ion .  These 
d i f f e r e n t  concepts a r e  discussed b r i e f l y  below. 

(The resu l t :  

Other approaches werl: 

1. 

2. 

3 .  

Flu id iza t ion  - Flu id iza t ion  processes  a r e  commonly used for 
gas-sol id  r eac t ions  t o  assure  in t imate  contac t  and reasonable 
pressure drops. T h i s  approach would not  be f e a s i b l e  f o r  t h e  
ze ro  g r a v i t y  appl ica t ion ,  s ince  t h e  f l u i d i z a t i o n  concept de-  
pends on the  presence of  g rav i ty .  

Reaction Zone w i t h  Cyclone Separator  and Sol id  Recycle - T h i s  
method cons i s t s  of sweeping the  .air/K02 mixture through a 
reac t ion  zone, and then passing the  mixture i n t o  a cyclone 
separa tor .  
r eac to r  i n l e t  from t he  cyclone. T h i s  approach would s t i l l  
require  excessively large equipment and i s  considered unfeas ib le .  

The KO2 p a r t i c l e s  would be recycled i n t o  t h e  

F i l t e r  w i t h  Scraper - Another approach considered a r eac t ion  
zone w i t h  a f i l t e r  a t  t h e  bottom f o r  c o l l e c t i n g  the  KO2 and 
the r eac t ion  p r o d u c t s .  

When t h e  pressure drop across  t h e  f i l t e r  reached a prede ter -  
mined value,  a sc raper  would be moved across  the  f i l t e r  t o  
push the  reac ted  material  i n t o  a c o l l e c t i o n  chamber. T h i s  

method could be used i n  a batch process  for gr inding  of f  a 
f ixed  quan t i ty  of KO2 and l e t t i n g  it s t a y  on the  f i l t e r  f c r  
about 5 min. before scrap ing  i t  oz f .  T h i s  method would over- 
come the  i n e f f i c i e n c i e s  inherent  i n  t h e  continuous scrap ing  
of p a r t i a l l y  reacted ma te r i a l  on top  of t he  f i l t e r .  A d i s -  

advantage o f  t h i s  method i s  t h a t  t h e  f i l t e r  may eventua l ly  
become plugged w i t h  the  KO2 ma te r i a l .  



4. F i l t e r  Stack w i t h  Rotating Scrapers - I n  an  e f f o r t  t o  ob ta in  
longer KO2 residence times within the microcontactor,  con- 
s i d e r a t i o n  was given t o  stacking f i l t e r s  i n  t h e  r e a c t i o n  zone. 
An opening is provided i n  each f i l t e r ,  spaced so  t h a t  a l l  the 
openings form a s p i r a l  flow path  down through t h e  r e a c t i o n  
zone. A common shaf t  through the f i l t e r s  would r o t a t e  a 
sc rape r  over each f i l t e r  i n  such a way tha t  the KOg m a t e r i a l  
would be deposited on each f i l t e r  and then  scraped off  and. 
passed through t h e  opening t o  the  next f i l t e r .  T h i s  process 
appears t o  have a i r  flow and m a t e r i a l  d i s t r i b u t i o n  problems 
under zero g r a v i t y  conditions.  Also, it is  mechanically 
complex and does not  appear feasible f o r  the small quan t i ty  
of mate r i a l  t o  be processed. 

5. Reve r s ib l e -F i l t e r  Stack - This method f e a t u r e s  a s e r i e s  of 
sc reens  o r  f i l t e r s  placed i n  t he  r e a c t i o n  zone on swivel p ins  
s imi la r  t o  a but te r f ly-va lve  arrangement. A t  some f i x e d  t i m e  
increment, the  f i l t e r s  would be turned over  i n  sequence 
s t a r t i n g  from t h e  bottom. This would r e s u l t  i n  a se l f - c l ean ing  
a c t i o n  on t h e  f i l ters  as the  d i r e c t i o n  of f low through t h e  
f i l t e r  w a s  p e r i o d i c a l l y  reversed. 
on each f i l t e r  would result ,  w i t h  a KO2 gr inding  rate of 
0.4 l b / h r ,  using 4-111. diameter f i l t e r s  a t  a 5-min. hold-up 
t i m e  i n  t he  s t ack  f o r  1 gm/cc bulk dens i ty  material. 
diameter f i l t e r  reduces the  bed depth t o  about 0.035 i n .  With 
a recyc le  r a t i o  of  4 and an i n l e t  f low of 4 cfm, t h e  pressure  
drop ac ross  each 6 in .  f i l t e r  i s  estimated t o  be about 2 t o  
3 i n .  water. A blower w i t h  a 6c$ e f f i c i e n c y  would r e q u i r e  
about 17 wat t s  f o r  t hese  conditions with two f i l t e r s  i n  s e r i e s  
and 35 watts w i t h  f o u r  f i l t e r s  i n  series. The r e v e r s i b l e  
f i l t e r  s t a c k  appears t o  be the most feasible of the  methods 
inves t i g a t e d .  

A bed depth of about 0.08 i n .  

A 6-in.  
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. 
5.4.3 Solid Products Col lec t ion  Assembly 

I n  conjunction w i t h  t he  r e v e r s i b l e - f i l t e r  s t a c k  descr ibed,  a s o l i d  
products co l l ec t ion  device i s  requi red  t o  remove t h e  s o l i d  products 
from t h e  a i r  stream a f t e r  these products  have been removed from the  
las t  f i l t e r .  One method considered was t o  have the  r e a c t i o n  products 
impinge a t  t h e  bottom of t he  r e a c t o r  chamber. This  would be accom- 
p l i shed  by using a nozzle t o  increase  t h e  a i r  v e l o c i t y  a f t e r  pass ing  
t h e  l as t  f i l t e r ,  then introducing a sharp bend t o  t h e  a i r  e x i t  l i n e  
immediately downstream of t h e  nozzle.  The s o l i d  products ,  due t o  
t h e i r  high i n e r t i a ,  would be unable t o  make t h i s  sharp t u r n  and would 
impinge on the  bottom of the  react'ion chamber. 
be i n s t a l l e d  i n  t h e  a i r  e x i t  l i n e  t o  remove any s t r a y  p a r t i c l e s .  A 
questionable aspec t  of t h i s  method i s  t h e  sepa ra t ion  e f f i c i e n c y  t h a t  
could be obtained under zero g r a v i t y  condi t ions.  

A f i n a l  f i l t e r  would 

Another method t o  separa te  the  s o l i d  r eac t ion  products  would be t o  use 
a cyclone on the  discharge of t h e  microcontactor.  Again t h e  a i r  
v e l o c i t y  would be increased by funnel ing it through a small c ross -  
s e c t i o n  e x i t  l i n e .  The a i r  would then  e n t e r  t h e  c y c l i n d r i c a l  cyclone 
chamber t angen t i a l ly  and would leave through a c e n t r a l  opening. The 
s o l i d  p a r t i c l e s ,  by v i r t u e  o f  t h e i r  i n e r t i a ,  would tend t o  move toward 
t h e  outs ide cyclone wall. T h i s  method of  gas-sol id  sepa ra t ion  i s  ofteri 
used commercially and the  c e n t r i f u g a l  s epa ra t ing  f o r c e  may range from 
f i v e  times g r a v i t y  i n  very large-diameter,  low-resis tance cyclones,  
t o  2500 times g r a v i t y  i n  very small, h igh- res i s tance  u n i t s .  T h i s  cycliJne 
approach appears t o  be the  most f e a s i b l e  f o r  t he  present  app l i ca t ion .  

5.5 PROTOTYPE MICROCONTACTOR DESCRIPTION 

A r eve r s ib l e  f i l t e r  microcontactor was designed and f a b r i c a t e d  t o  
meet the  previously discussed design requirements.  The prototype 
microcontactor cons i s t s  of a gr inding  chamber, a f i l t e r  chamber, and 
a s o l i d  products c o l l e c t i o n  assembly. Each of t h e  above subassemblies 
was constructed o f  l /2-in.  t h i ck ,  c l e a r  p l ex ig l a s s ,  which allowed v i s u a l  
observat ions t o  be made while the  u n i t  was operat ing.  Figure 5-5 i s  a 
schematic of t h e  KO2 microcontactor and Figure 5-6 i s  a photograph of 
t h e  microcontactor.  
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The high-density KO, blocks were purchased i n  a c y l i n d r i c a l  shape, 
6 i n .  long w i t h  a diameter of 3.070 in .  & 0.10 i n .  A 1/4-in. cen ter -  
ho le  r a n  t h e  length of the  block t o  e l imina te  the near-zero c u t t e r  
blade v e l o c i t y  a t  t h e  center .  The KO2 block w a s  he ld  i n  the  gr inding 
chamber by the  ca r t r idge  holder  fabr ica ted  from 316 s t a i n l e s s  s t ee l .  
Two 16.5 l b  s t a i n l e s s  s tee l  Neg'ator spr ings  a c t i n g  on a p i s t o n  main- 
t a i n  t h e  required fo rce  between the KO2 block and t h e  c u t t e r  face .  
The p i s t o n  i s  f i t t e d  w i t h  two p ins  which engage two holes  on t h e  KO2 
block. T h i s  prevents  the block from r o t a t i n g  with t h e  c u t t e r  wi th in  
i t s  c a r t r i d g e  holder .  A handle passing through the side of the 
gr inding  chamber is threaded i n t o  the p i s ton .  The handle i s  used 
t o  r e t r a c t  t he  p i s t o n  when loading o r  unloading t h e  KO2 block i n t o  
t h e  c a r t r i d g e  holder .  The Neg'ator spr ings are wound on Teflon spools  
supported on each s ide  of t he  shaft .  
of t h e  gr inding  chamber w i t h  the  t o p  removed. 
c a r t r i d g e  holder  cover i s  removed and the p i s t o n  is p a r t i a l l y  r e t r a c t e d .  

Figures  5-7 and 5-8 are top  views 
I n  Figure 5-8 the  

The c u t t i n g  t o o l  i s  dr iven  through a f l e x i b l e  coupling by a d-c shunt 
motor which i s  supported on the s ide of t he  microcontactor.  The 
1/15 hp, 115-VDC motor i s  speed cont ro l led  i n  t h e  range of 0 t o  24 rpm 
and has  a torque r a t i n g  of  88 in.-lb.  
b a l l  bear ing mounted i n  t h e  g r inde r  chamber w a l l  and is supported by 
a second b a l l  bear ing i n s i d e  t h e  gr inding chamber. The end of  t h e  
shaft  is fas tened  t o  t h e  3-3/8 i n .  diameter s t a i n l e s s  s t e e l  c u t t e r  
head which holds  t h e  f o u r  tungsten carbide c u t t i n g  blades placed 
;-adially and spaced 90' apa r t .  A p lex ig lass  shroud encloses  t h e  

c u t t i n g  head and f ace  of t h e  KC2 block t o  prevent  p a r t i c l e  sca t te r i r ig  
and h e l p  channel t h e  f r e s h l y  ground KO2 down t o  t h e  f i l t e r  chamber. 
The recyc le  a i r  i n l e t  i s  on the cover of t he  grii iding chamber and i s  
pos i t ioned  d i r e c t l y  over  the  c u t t i n g  t o o l  when t h e  cover i s  i n  p lace .  
The gr inding  chamber i s  rec tangular  and i s  connected. to  t h e  t o p  of  t h e  
c y l i n d r i c a l  shaped f i l t e r  chamber. 

The s h a f t  passes  through a 

The f i l t e r  chamber has a 6-in. I D  w i t h  a 1/2:in. t h i c k  wal l  and contains  
two d i sc  f i l t e rs .  The f i l t e r  mater ia l  i s  Teflon FEP mono-filament 
f a b r i c  w i t h  171 x 104 threads t o  t h e  inch. The Teflon f a b r i c  i s  bonded 



1 

FIGURE 5-7 TOP VIEW OF GRINDING CHAMBER WITH TOP REMOVED 

FIGURE 5-8 TOP VIEW OF GRINDING CHAMBER WITH TOP REMOVED, 
CARTRIDGE HOLDER COVER REMOVED AND PISTON 
PARTIALLY RETRACTED 
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*. between two,  t h i n  nickel-copper-aluminum (R-monel) r i n g s  making an 
i n t e g r a l  subassembly which i s  he ld  between two Teflon-coated, s t a i n l e s s  
s te ' e l  r i n g s .  The s t a i n l e s s  S t e e l  r ings  are machined t o  accept an 
O-ring a t  t h e i r  ou te r  circumference when fas tened  toge ther .  T h i s  
O-ring serves  a s  a s e a l  t o  minimize p a r t i c l e  blow-by. The complete 
f i l t e r  assembly i s  a t tached  by two screws t o  the  f i l t e r  handle which 
pene t r a t e s  t h e  p l ex ig l a s s  wal l  through an O-ring s e a l .  

The s o l i d  products c o l l e c t i o n  assembly I s  a t t ached  t o  the f i l t e r  
chamber and c o n s i s t s  of a 6-in. diameter, l l - i n .  deep c o l l e c t i o n  
chamber. The a i r  e x i t  l i n e  leaves  the side of t h i s  c o l l e c t i o n  chamber 
nea r  t h e  top and t a n g e n t i a l l y  en te r s  t h e  cyclone sepa ra to r .  A smal le r  
c o l l e c t i o n  chamber i s  a t tached  t o  the bottom of t h e  cyclone sepa ra to r  
t o  c o l l e c t  t h e  f i n e  s o l i d  products and f a c i l i t a t e  pe r iod ic  cleaning 
o f  t he  u n i t .  
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SECTION SIX 

DESCRIPTION OF TEST SYSTEM 

The purpose of  t h e  t e s t  program was t o  v e r i f y  the  c a p a b i l i t y  of t h e  
microcontactor t o  operate  e f f e c t i v e l y  over  the  range of design conlli- 
t i o n s .  I n  o rde r  t o  perform the  necessary t e s t s  it was e s s e n t i a l  t o  
be a b l e  t o  vary and con t ro l  the i n l e t  a i r  condi t ions and t o  be able  
t o  measure i n l e t  and o u t l e t  a i r  compositions. 

6.1 AUXILIARY TEST APPARATUS 

Figure 6-1 shows t h e  process flow sheet  f o r  the KO2 microcontactor 
t es t  arrangement. A 200 VAC, 3-phase, 400-cps c e n t r i f u g a l  f a n  took 
ambient a i r  on t h e  suc t ion  s i d e  and de l ivered  t h e  a i r  under pressure 
t o  t h e  t e s t  system. For humidifying t h e  air ,  a steam genera tor  con- 
sisting of a copper b o i l e r  on a hot p la te  de l ivered  steam t o  the i n l e t  
a i r  stream as required.  A var i ac  was used t o  con t ro l  t he  rate a t  which 
the steam was generated.  

For  dehumidifying, a 3 5 O F  c h i l l  water source w a s  maintained w i t h  a 
l / k t o n  r e f r i g e r a t i o n  u n i t  wi th  the cool ing c o i l  placed i n  a 35-gallon 
drum about half  f u l l  of water. 
supply t h e  c h i l l  water t o  t he  dehumidifying c o i l  and r e t u r n  t o  the  

cool ing the  i n l e t  a i r  t o  a 40°F dew po in t .  
a 1000-watt a i r  h e a t e r  w i t h  a thermostat  cont ro l .  

A 4-gpm c i r c u l a t i n g  pump was used t o  

-.-*..I w u ~ e r  source. Tie f inned dehumidifying c o i l  was capable of 
The i n l e t  a i r  then  en tered  

The carbon dioxide concent ra t ion  of the i n l e t  a i r  was con t ro l l ed  down- 
stream of the  a i r  h e a t e r  by i n t r o d u c h g  loo$ C 0 2  a t  a constant  flow 
rate w i t h  an ad jus t ab le  flow con t ro l l e r .  

The i n l e t  a i r  then passed through a f low meter and va lv ing  i n t o  the  
microcmtac tor .  A th ree-por t ,  two-way ba l l  valve (V-5) was used t o  
d i r e c t  t he  i n l e t  a i r  t o  e n t e r  the microcontactor a t  one of two 
en t rances .  
r ecyc le  was used)  and the  o t h e r  was through t h e  side j u s t  above the 
top  f i l t e r  ( f o r  use i f  a recyc le  was used). 

One w a s  a t  t h e  t o p  over t h e  c u t t e r  blades ( f o r  use i f  no 
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Immediately downstream of the  cyclone sepa ra to r  a 400-mesh screen 
f i l t e r  was i n s t a l l e d  t o  c o l l e c t  any s o l i d  product which passed t h r t ~ q : h  

the  cyclone separa tor .  Downstream o f  t he  f i l t e r ,  provis ions were made 
t o  recyc le  the  a i r ,  if required,  through t h e  recyc le  f a n  whlch was 
i d e n t i c a l  t o  t h e  i n l e t  fan .  The e x i t  a i r  passed through a flow meter 
and was then vented. A l l  a i r  piping was 1-in. ,  nominal, WC pipe 
except f o r  t h e  recyc le  c i r c u i t  which was 1-1/4 i n .  WC. 
is an o v e r a l l  view of t h e  t e s t  apparatus and instrumentat ion.  

Figure 6-2 

6.2 INSTRUMENTATION AND CONTROLS 

Instrumentat ion and con t ro l s  were provided f o r  automatic and manual 
con t ro l  of process parameters. I n  addi t ion ,  c e r t a i n  ind ica to r s  and 
recorders  were provided f o r  re t r ieval  of t h e  data f o r  subsequent 
ana lys i s .  Brief desc r ip t ions  of the instrumentat ion and cont ro l  
f e a t u r e s  a r e  given i n  the  following paragraphs. 

6 .2 .1  Power Supply 

The tes t  f a c i l i t y  requi red  l l 5 - V ,  60-cycle, single-phase,  a-c  power 
f o r  t h e  operat ion of t h e  l/l5-hp grinding motor con t ro l  system. 
phase, four-wire,  208-v, 400-cycle power i s  requi red  f o r  the  opera t ion  
of the  feed and recyc le  f ans .  Both power supp l i e s  passed through a 
small opera t ing  panel,  where permissive switches,  s i g n a l  lamps, and 

gas analyzers  and the recorder .  

T h r e e -  

- f l lqeq ---- !Arere prcT!ided. ~ e ~ ~ r ~ t ~  hc-cycle pQWer lines gQ tfi the ~ . l > - ~ ~ ~ ~  ary 

6.2.2 Grinding Motor Speed Control 

A speed cont ro l  i s  provided f o r  ad jus t ing  and maintaining the  speed 
of t he  1/15-hp, 115-V,  d-c motor which d r ives  t h e  KO2 g r inding  t o o l .  
A l 0 - t u m  potent iometer  rece ives  a regulated d c vol tage  and is s e t  
f o r  t h e  des i red  speed i n  t h e  range of 0 t o  24 rpm. The r e s u l t a n t  d-c 
wiper vol tage i s  compared t o  a feedback vol tage  from a motor dr iven  
tachometer. The d i f f e rence  i s  amplified i n  a magnetic ampl i f i e r  which, 
In t u r n ,  d r ives  a full-wave, r e c t i f i e d ,  SCR c o n t r o l l e r  connected t o  
the motor. 
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6 . 2.3 T~ri1:ic- r a t u r e  

B ime ta l l i c  temperature sensing d i a l  i n d i c a t o r s  were i n s t a l l e d  i n  t i l i  

flow l i n e s  t o  determine t h e  temperature d i s t r i b u t i o n s .  
mercury-fi l led thermometer was used t o  measure the  a i r  temperature 
In t h e  f i l t e r  chamber between the two f i l ters .  

A g l a s s ,  

6.2.4 Pressure 

A bourdon tube pressure  gage and water manometers were i n s t a l l e d  a t  
va r ious  po in t s  t o  determine system pressure  and pressure  d i f f e r e n t i a l s ,  

6 .3  GAS ANALYSIS 

Provisions were made f o r  sampling the a i r  stream before  and a f t e r  
e n t e r i n g  t h e  microcontactor. A solenoid valve (V-9) was used t o  
s e l e c t  t he  sampling poin t .  

6.3.1 Water (Humidity) Analyzer 

An e l e c t r i c  hygrometer i n d i c a t o r  was used t o  i n d i c a t e  r e l a t i v e  humidity. 
The sensing element and thermometer were placed i n  a chamber i n  t h e  
gas sampling l i n e  w i t h  a cable connection t o  the i n d i c a t o r .  The 
sens ing  element has a c a l i b r a t i o n  accuracy of k l.5$ RH. 

6.3.2 Oxygen Analyzer 

A Beckman Model F3 paramagnetic oxygen ana lyze r  was used t o  measure 
t h e  i n l e t  and o u t l e t  oxygen concentration. The range of t he  i n s t r i n n p n t  
was modified t o  20 t o  25% f o r  t h i s  app l i ca t ion .  The ana lyzer  accuracy 
i s  51.e o f  full s c a l e .  

6.3.3 Carbon Dioxide Analyzer 

A Beckman Model l 5 A  L/B In f r a red  Analyzer was used t o  measure the  
i n l e t  and o u t l e t  concentrations of carbon dioxide.  The range of t he  
instrument was 0 t o  Z$. 
f u l l  s c a l e  and an  accuracy of k1.M of f u l l  s ca l e .  

The analyzer has  a s e n s i t i v i t y  of 0.5% of 

6.3.4 Recorder 

The output from t h e  t h r e e  gas analyzers was fed i n t o  a Daystrom Weston 
r eco rde r  w i t h  a cha r t  speed of 1 foo t  p e r  hour. The r eco rde r  p r i n t e d  
about every 15 seconds. 



SECTION SEVEN 

PRELIMINARY TESTS 

7.1 GENERAL 

Various s t a t i c  and dynamic preliminary tests w e r e  performed on the 
complete t e s t  system p r i o r  t o  any operation w i t h  t h e  high-density KO2 
blocks. 

The complete system was pressure t e s t ed  at  33 i n .  H20. 
l eaks  were repaired and a s t a t i c  pressure change of 1 in .  H20 over 
a 15-min. per iod was obtained before test  runs were i n i t i a t e d .  

A l l  detec tab le  

The response times of the gas analyzers t o  gas concentrat ion changes 
i n  the  f i l t e r  chamber were detennined a t  an a i r  f low of 4 cfm and a 
gas sample flow of 0.5 scfh  from the  o u t l e t  sample l i n e .  The response 
times were determined by introducing pure 02, C02, and steam through 
a pressure  t a p  m the  f i l t e r  chamber. The following response times were 
obtained: 

Meter S t a r t -  Meter 
t o  -Move Balanced 

O 2  60 (sec .) 136.3 ( sec . )  

co 2 40 (sec .) 66.3 ( sec . )  

2O 62(sec.)  200.8 ( sec . )  

Preliminary runs were made using an  epoxy/talc block i n  place of t h e  

high-densi ty  KO2 block t o  check out  the g r inde r  and the mechanical 
performance of  t h e  system. It was necessary t o  shim some of t h e  c u t t e r  
blades t o  obta in  e s s e n t i a l l y  uniform c u t t i n g  by ill blades and t o  
prevent one blade from c u t t i n g  too deeply and binding t h e  c u t t i n g  t o o l  
on the  block. After ad jus t ing  t h e  cu t t i ng  blades,  t he  g r inde r  operated 
very e f f e c t i v e l y  w i t h  the epoxy/talc product being removed l i ke  strips 
of crepe paper. 
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7.2 GRINDING RATE AS A FUNCTION OF MOTOR SPEED 

The gr inder  speed as a func t ion  of the  input  s e t t i n g  was dett;~nn3r?e~r 

under z e r o  load condi t ions.  Figure 7-1 shows these  r e s u l t s  and i f l o ; -  

c a t c s  good specd cont ro l  from 0 t o  24 rpm. 
removing pa r t  of the  c u t t e r  head, as descr ibed l a t e r ,  the  spccd  bT' 
the  c u t t e r  increased a t  a given s e t t i n g  due t o  the  smal le r  mass. 

It a l s o  shows t h a t  af'tc.1. 

Five and 10-minute runs were made a t  var ious  g r inde r  speeds; the 
amount of KO2 ground was determined by weighing t h e  block, i n  i t s  
conta iner ,  before  and a f t e r  each rim. The length  of  the  block was 
a l s o  measured before  and a f t e r  each run. Table 7-1 summarizes the  
r e s u l t s  of these  runs and Figure 7-2 i l l u s t r a t e s  gr inding  r a t e  a s  a 
func t ion  of g r inde r  speed. The l a s t  column of Table 7-1 ind ica t e s  
a v a r i a t i o n  of 
motor speed as 
obtained under 
i n  Figure 7-1. 

dens i ty  wi th in  each block of KO2. 
shown i n  Table 7-1 agrees  very c lose ly  w i t h  the  speeds 
zero load a t  t h e  same potent iometer  s e t t i n g  a s  shown 

The average measun-d 

7.3 GROUND PRODUCT SIZE 

Samples of the  K O 2  ground product of block no. 4 were taken a t  var ious 
gr inding  speeds during the  gr inding  r a t e  s t u d i e s .  A screen ana lys i s  
was made on the  f o u r  samples take.  The r e s u l t s  a r e  shown i n  Table 7-2. 

Figure 7-3 shows a hlgh-densi ty  KO2 block and a sample o f  the g r inde r  
product . 
7.4 INDENTATION HARDNESS TEST 

An indenta t ion  hardness t e s t  was made on s i x  high-densi ty  K O 2  blocks 
according t o  ASTM s p e c i f i c a t i o n  D 1706. The tes t s  were performed i n  
a dry  box using a Shore Type D Durometer. Five durometer readings 
were made on each end of t h e  KO2 blocks.  
ca l ib ra t ed  t o  read 100 when pressed on a p iece  of f l a t  p l a t e  g l a s s .  
Other  reference values  f o r  t h i s  hardness t e s t  a r e  values  of  80 t o  95 
f o r  ha rd  rubber samples. 
t a i n e r  produced a reading of 72.  
a re  shown i n  Table 7-3. 

The Type D durometer i s  

The metal screw cap from t h e  KO2 block con- 
The KO2 block hardness t e s t  resu l t . ?  

- I  
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TABLE 7-1 

GFUNDINO RATES 
~ ~~ ~~ -~ 

Ave 
Measured Length Weight Length Ave 

Grinding Ave 
Rate Denslt 

Motor Motor of KO2 KO2 
Block Speed Speed Run Ground Ground 

No. Setting (RPM) (Mln) (Grams) (inch) (Qm/min) (lb/ftg) 

2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

5 
5 
5 

9 
9 
9 
9 

50 
100 
100 
150 
150 

100 
100 
100 
200 
200 
200 
200 
200 
300 
300 
400 

150 
150 
150 

100 
100 
115 
125 

0.64 
2.8 
2.8 
5.0 
5-0 

3.0 
2.9 
2.9 
7.3 
7.4 
7 -5 
7.5 
7.5 
11.6 
11.8 
16.0 

4.9 
4*9 
4.9 

2.8 
2.8 
3 -5 
3.8 

10 12 
5 25 
5 24 
5 41 
5 47 

10 16 
10 23 
10 21 
10 51 
10 49 
10 39 
10 32 
10 30 
10 47 
10 37 
10 39 

15 62 
10 47 
10 44 

' 5  14 
5 15 
5 .  22 
5 27 

0.068 
0.134 

0.240 
0 137 

0.279 

-e- 

--- 
--- 
--- 
--- 
0.203 
0.172 
0.172 
0.250 
0.172 
0.203 

0 345 

0.230 

0.065 
0.058 
0.117 
0.110 

0.220 

1.2 
5.0 
4.8 
8.2 
9.4 

1.6 
2.3 
2.1 
5.1 
4.9 
3.9 
3.2 
3 -0 
4.7 
3.7 
3.9 

4.1 
4.7 
4.4 

2.8 
3 .o 
4.4 
5.4 

90.8 
96.2 
90.3 
88.1 
86.8 

--- 
--- 
--- 
--- 

99.0 
95 *8  
89.8 
96.8 
111.0 
99 -0 

92.6 
110.0 
98.6 

111.2 
133 9 3 
97- 2 
126.7 
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TABLE 7-2 

SUMMARY OF SCREEN ANALYSIS 
(S ize  Di s t r ibu t ion  i n  Percent by Weight 

Front Back 
Face Face Block  No. 

2 69 73 
4 75 74 
5 76 74 
9 72 65 

10 78 72 
75 75 11 

A 

t 

f Product ) 

1.9 4.0 1.5 1.2 
5 94 8.9 4.0 2.1 

-60 +80 11.6 11.7 4 95 4 . I' 

-20 +4O 
-40 +60 

-80 +loo 15 e 0  7.1 2.3 6.: 
-100 +150 51.9 28.6 15.7 15.8 

11.5 20.0 31.2 30.4 -150 +200 

- 200 2.7 19.7 40.2 39.4 
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7.5 PRELIMINARY K O 2  RUNS 
- 

Several  prel iminary runs were made with t h e  complete microcontactor  
system and t h e  high-densi ty  KO2 blocks.  These prel iminary runs re- 
s u l t e d  i n  t h e  fol lowing modif icat ions being made: 

1. A fan-shaped nozzle was placed on t h e  end of  t he  a i r  i n l e t  
pipe,  d i r e c t l y  over  the c u t t e r  head, t h i s  increased the  i n l e t  
a i r  v e l o c i t y  fo rc ing  t h e  f r e s h l y  ground KO2 p a r t i c l e s  off of 
the c u t t e r  head and c u t t i n g  blades.  

2. The t r a n s i t i o n  p iece  between t h e  bottom of t h e  microcontactor  
and t h e  cyclone sepa ra to r  was enlarged t o  1-1/4 i n .  I D  i n  an 
attempt t o  e l imina te  a plugging problem. The s o l i d  products 
s t i l l  tended t o  plug i n  t h i s  new t r a n s i t i o n  p iece .  The solid 
product c o l l e c t i o n  assembly was then  modified t o  include a 
6- in .  I D  c o l l e c t i o n  chamber for t h e  l a rge  s i z e ,  s o l i d ,  r eac t ion  
products j u s t  below t h e  f i l t e r  chamber. The a i r  e x i t  l i n e  
extended from t h e  s ide  of t h i s  c o l l e c t i o n  chamber near  t h e  

top and continued i n t o  t h e  cyclone separa tor .  T h i s  modi f ica-  
t i o n  el iminated the  plugging problem. 

3. The two d i s t r i b u t i o n  p la tes  i n t h e  f i l t e r  chamber were r e -  
moved s ince  t h e  KO2 p a r t i c l e s  were s t i c k i n g  t o  these  p l a t e s  
and p i l i n g  up even though t h e  p l a t e s  had been coated w i t h  

Teflon. 

4. Pie-shaped sec t ions  of t he  c u t t e r  head were cu t  away between 
t h e  fou r  c u t t i n g  blades i n  o rde r  t o  f a c i l i t a t e  t h e  removal 
of t he  f r e s h l y  ground KO2 by the a i r  stream. 

5. A binding problem i n  the  KO2 c a r t r i d g e  ho lde r  was reduced by 
reworking and smoothing t h e  f i n i s h  of a l l  bear ing  sur face  of 
t h e  c a r t r i d g e  holder  and the  p is ton .  The two Negtator spr ings  
were a l s o  placed i n  b e t t e r  alignment w i t h  t h e  p i s ton .  
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7.6 COATING OF KO2 

A prel iminary inves t iga t ion  of various coat ings was performed In  
o rde r  t o  determine the f e a s i b i l i t y  of coat ing the  high-density KO2 
blocks with a t h in ,  water-impermeable f i l m  t o  reduce o r  e l iminate  
any r eac t ion  of t h e  KO2 block which may cause t h e  block t o  become 
wedged i n  the  ca r t r idge  holder.  The fol lowing coat ings were t e s t ed :  

1. 
2. 
3. 
4. 
5. 
6. 

8. 
9.  

7. 

Phenolic varnish (Mil-V-1174A Formula #80) 
Tygon corrosion r e s i s t a n t  coat ing (TP-210 Blue) 
"Krylon" spray pa in t  
Melted Polyethylene (DuPont Low Melt AC Pe l le t s )  
Devron Epoxy (Formula #215) 
Epoxy (Epi Reg 50A Resin + DETA 100/6) 
Epoxy (Epi Reg 50A Resin + EpiCure 855 100/30) 
Teflon Spray (Rulon Spray Lubricant) 
"Ram" mold r e l ease  agent (GS-3)  

Small t e s t  p e l l e t s  of KO2 were made with a pe l l e t  maker i n  the  dry 
box. The var ious coat ings w e r e  brushed o r  sprayed onto the p e l l e t s .  
I n  t h e  case of t he  polyethylene, t he  p e l l e t  was dipped i n  a beaker 
of melted polyethylene. After allowing t h e  coa t ing  t o  dry, the 
coated p e l l e t s ,  along wi th  a control  p e l l e t ,  were removed from the  
ur.3 UUA Ziid ~xpuseci i o  abient conditions.  *me only s a t i s f a c t o r y  
coat ings were the  phenolic varnish and t h e  polyethylene.  The d i s -  
advantage of t h e  polyethelene i s  t h e  d i f f i c u l t y  of applying it t o  
t h e  KO2. It must be i n  a l i q u i d  s t a t e  t o  apply but it s o l i d i f i e s  
very quickly,  r e s u l t i n g  i n  an uneven coat ing.  

PI-- L --- -_ 

7.7 DISCUSSION OF PRELIMINARY TEST RESULTS 

7.7.1 Grinding Rate a s  a Function of Motor Speed 

Resul t s  of  the prel iminary grinding rate tests a s  shown on Table 7-1 
indica ted  a v a r i a t i o n  of dens i ty  within each block of KO2 tested.  
The blocks were manufactured by loading t h e  l5- ln .  mold only twice 
and then  compressing t o  the  desired 6-111. length.  
a considerable  pressure drop over the  f u l l  l ength  of t h e  block while  

T h i s  r e su l t ed  i n  
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it was i n  t he  mold, which would produce var ious  d e n s i t i e s  of material  
over  t h e  length  of t he  block. 

A modif icat ion of t he  molding procedure could poss ib ly  e l imina te  o r  
minimize the  v a r i a t i o n  i n  dens i ty .  If a smaller load of  s t a r t i n g  KO2 
material  were placed i n  t h e  mold, e .g., about 100 grams, and t h a t  
amounts were compressed t o  t h e  m a x i m u m  dens i ty ,  then a second load  of 
100 grams would be loaded i n  t h e  mold and t h i s  amount would be com- 
pressed t o  t h e  maximum dens i ty .  
u n t i l  the  f u l l  loading of about 1200 grams had been compressed. T h i s  
procedure would r e s u l t  i n  a more uniform dens i ty  over  t h e  full length 
of t he  block. 
t h e  whole block, s ince  the  pressure  drop would be minimal w i t h  each 
small loading. 

Small loads would be added con t inua l ly  

It would a l s o  probably r e s u l t  i n  a h igher  dens i ty  f o r  

7.7.2 Grinder Product S ize  

The summary of t he  screening ana lys i s  (Table 7-2) shows t h a t  as the  
gr inding  speed i s  increased,  a h igher  percentage of t h e  product i s  
reduced t o  f i n e s  (-200 mesh). 
g r ind ing  energy i s  expended i n  p a r t i c l e  s i z e  reduct ion  r a t h e r  than i n  
j u s t  t h e  c u t t i n g  ac t ion .  The d i s t r i b u t i o n  w i t h  t h e  s l o w  speed 
(2.9 rpm) i s  r a t h e r  synunetrical, w i t h  t h e  major i ty  of the  product 
material being between 100 and 150 mesh. 
very  s imi la r  t o  those obtained during t h e  l abora to ry  g r inde r  tes ts  
under similar condi t ions o f  speed and f o r c e  on blades (Table 3-3, 
7-rpm, 16-ib fo rce ) .  
nea r ly  i d e n t i c a l  and 85% o r  more of t h e  product i s  less than 100 mesh. 
The l imi ted  gr inding  r a t e  r e s u l t s  show no increase  i n  gr inding  r a t e  
between these two speeds. The KO2 block may have. s t a r t ed  t o  become 
bound i n  the ca r t r idge  holder  a t  t h i s  t i m e .  

A t  t he  h ighe r  speeds, more o f  t h e  

The resu l t s  of 7.4 rprn a re  

The d i s t r i b u t i o n s  a t  11.7 and 16.0 rpm a r e  
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SECTION EIGHT 

TEST PROCEDURE 

I n  p repa ra t ion  f o r  each tes t  run, i n l e t  moisture and carbon dioxide 
concent ra t ions  were ad jus ted  t o  the  des i r ed  values.  
concent ra t ion  was ad jus ted  e a s i l y  by using the  C02 flow c o n t r o l l e r .  
Adjusting the  i n l e t  moisture required more time and e f f o r t ,  s ince  
such f a c t o r s  as ambient humidity, c h i l l  water temperature, and 
amount of  steam being added a l l  had a n  e f f e c t  on t h e  f i n a l  i n l e t  
moisture concentration. 

The i n l e t  C02 

The KO2 block which was t o  be used was weighed ( t o  t h e  nea res t  gram) 
i n  i t s  c a n n i s t z r  on a Toledo s c a l e .  After checking t h e  c a l i b r a t i o n  
of  t h e  t h r e e  gas ana lyzers  as wel l  a s  checking t h a t  t h e  i n l e t  condi- 
t i o n s  were proper ly  ad jus ted ,  t he  top of t he  microcontactor was 
removed and the  KO2 block placed i n  t h e  c a r t r i d g e  holder.  
r ep lac ing  t h e  top, t h e  g r inde r  w a s  s t a r t e d .  Each run continued for 
about one hour. Temperatures, flow rates, and pressures  were r e -  
corded every 5 minutes. A continuous sample of the  downstream gas 
was run t o  t h e  gas analyzers.  Once o r  twice dur ing  each run  a gas 
ana lyzer  sample was taken from t h e  upstream side of t h e  microcontactor 
for about 5 minutes. 

After 

Two f i l t e r s  were used on a l l  runs, with t h e  bottom f i l t e r  being turned 
every 10 minutes and t h e  top  f i l t e r  being turned every 5 minutes. 

A t  t h e  end of each run, the g r inde r  and t h e  f a n  w e r e  shu t  off, and 
t h e  top  of t h e  microcontactor removed. The remaining po r t ion  of the  
KO2 block was removed, replaced i n  t h e  cann i s t e r ,  and weighed aga in  
t o  t h e  nea res t  gram. 
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SECTION NINE 

MICROCONTACTOR TEST RESULTS 

9.1 GENERAL 

Tests were run mainly t o  demonstrate 1) t h a t  t h e  microcontactor,  
as conceived, would opera te  e f f e c t i v e l y  under var ious  I n l e t  condi t ions 
of moisture  and carbon dioxide and, 2) t o  demonstrate t h a t  t h e  un i t  
was capable of matching a n  R . Q .  of about 0.82. Figures  9-1 through 
9-7 show t h e  gas  a n a l y s i s  r e s u l t s  f o r  each run. The times during 
which t h e  i n l e t  and o u t l e t  samples w e r e  taken f o r  gas ana lys i s  a r e  
shown on each curve.  Table 9-1 summarizes t h e  resul ts  of the  runs 
and Table 9-2 shows t h e  maximum a i r  temperature and the  maximum 
Pressure  drop ac ross  each of the f i l t e r s  encountered during each run .  

Seven run3 were made with t h e  complete microcontactor  system. The 
i n l e t  flow f o r  a l l  t h e  runs was 4.0 scfm and t h e  i n l e t  a i r  temperature 
was about 80°F. 
a constant  gr inding  ra te ,  b u t  due t o  t h e  varying d e n s i t i e s  within 
t h e  KO2 blocks,  i t  was impossible t o  con t ro l  t h e  gr inding  r a t e  t o o  
c l o s e l y  . 

It was o r i g i n a l l y  intended tha t  a l l  seven runs have 

Coef f i c i en t s  of c o r r e l a t i o n  were determined f o r  t h e  var ious pararnet-_ir.s 
shown i n  Table 9-1. Columns 1 t o  4 of  t h i s  t a b l e  were considered 
input  parameters, while t h e  remaining columns were taken as output 
parameters.  The c o e f f i c i e n t s  ca lcu la ted  f o r  a l l  seven runs r e su l tL? \ :  
i n  on ly  one good co r re l a t ion ;  t h a t  being between t h e  average KO2 
gr inding  r a t e  and t h e  oxygen production rate.  
discarded as poss ib ly  being biased and t h e  c o e f f i c i e n t s  cf corre la i t i i~n  
were determined f o r  t h e  remaining f ive  runs.  No explanat ions W ~ I L  

apparent  r e l a t i n g  t o  why runs 2 and 6 should be biased but  t h e  resulting 

c o e f f i c i e n t s  ind ica ted ,  i n  addi t ion  t o  t h e  previous good c o r r e l a t i o n ,  
good c o r r e l a t i o n s  between the  average KO2 gr inding  r a t e  and t h e  R . Q .  
and between the  i n l e t  C 0 2  concentrat ion and t h e  R.Q. 
c o r r e l a t i o n s  a r e  shown in Figures  9-8 t o  9-10. 

Runs 2 and 6 were ? I ;  I-, 

The three  "good" 
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T W  9-2 
TEMPERATUFtE AND PRESSURE RESULTS 

Max. A i r  Temp. i n  
Run # F i l t e r  Chamber (OF) 

Max. F i l t e r  Pressure! Drop ( i n  H?O) 
Top F i l t e r  Bottom F i l t e r  

309 
104 

99 
114 

013 

99 
106 
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Coefficientn o f  co r re l a t ion  vary from -1.000 t o  1.000, The c l o s e r  
t he  coe f f i c i en t  i s  t o  1.0 o r  t o  -1.0, t he  b e t t e r  the c o r r e l a t i o n  
between the two var iab1 .e~ .  The negat ive c o e f f i c i e n t  merely ind ica t e s  
a negative co r re l a t ion ,  i . e . ,  when one v a r i a b l e  increases ,  t h e  o t h e r  
decreases .  A c o e f f i c i e n t  with an  absolu te  value of 0.98 o r  h igher  i s  
considered very good, and the  two va r i ab le s  appear t o  be h igh ly  
cor re la ted .  Coeff ic ien ts  with an  absolu te  value between 0.90 and 
0.98 a r e  considered good and i n  these  cases  there  a r e  p o t e n t i a l  i n d i -  
ca t ions  of good co r re l a t ion .  I)ue t o  t h e  small number of samples, more 
runs should be made t o  v e r i f y  t h e  co r re l a t ion .  Coeff ic ien ts  l e s s  than 
0.90 a r e  considered only f a i r ,  and they  ind ica t e  l i t t l e  o r  no corre-  
l a t i o n  i n  p red ic t ing  one f a c t o r  from another .  Again, i n  t hese  runs 
t h e  number of samples were l i m i t e d  and poss ib ly  these  parameters w i t h  
low coe f f l c l en t s  o f  c o r r e l a t i o n  should be inves t iga t ed  f u r t h e r .  

A s e r i e s  of photographs were made of t h e  f i l t e r  chamber and the  
co l l ec t ion  chamber during a run (no t  one of  t h e  seven t e s t  runs ) .  
Figure 9-11 shows t he  two chambers during the  t y p i c a l  run. 
shows t h e  f i l t e r  chamber a f t e r  5 minutes of  opera t ion  j u s t  p r i o r  t o  
tu rn ing  the top  f i l t e r .  
near  t h e  f ront -center  of t he  top  f i l t e r ,  bu t  otherwise,  t he  f i l t e r  
I s  f a i r l y  un'li'ormly covered wi th  KO2.  A few KO2 p a r t i c l e s  have by- 
passed the t o p  f i l t e r  and are caught on t h e  bottom f i l t e r .  Some of  
t he  materlal on t h e  t op  f i l t e r  is white,  which ind ica t e s  carbonate 
format ion.  

Photo ( a )  

A por t ion  o f  t h e  KO2 p a r t i c l e s  have p i l e d  up 

Photo ( b )  shows t h e  f i l t e r s  a f t e r  about 15 minutes. The t o p  f i l t e r  
has  been turned twice and both f i l t e r s  were about t o  be turned.  
There appears t o  be b e t t e r  p a r t i c l e  d i s t r i b u t i o n  on t h e  top f i l t e r .  
The bottom f i l t e r  shows how t h e  r e a c t i o n  products  come o f f  t he  top  
f i l t e r  i n  small. aggl.omerates o r  chunks. The l a r g e  chunk on t h e  l e f t  
i s  from the p i l e  o f  ma te r i a l  i n  photo ( a ) .  The material on t h e  bottom 
f i l t e r  i s  a l l  w h i t e  except for the  l a r g e  chunk which shows some yellow 
areas. 
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About 10 minutes passed between photos ( b )  and ( e ) .  Both f i l t e r s  were 
turned toge ther  i n  t h e  i n t e r im  and t h e  top  f i l t e r  turned once alone.  
Photo ( c )  was taken j u s t  p r i o r  t o  turn ing  both f i l t e r s .  
chunk i n  t h e  c o l l e c t i o n  chamber s t i l l  shows areas of yellow, ind ica t ing  
unreacted KO2. 

The l a rge  

Photo ( d )  shows the  f i l t e r s  and c o l l e c t i o n  chamber a f t e r  a t o t a l  
operat ing time of about 35 minutes. 

It should be noted t h a t  t h e  formation of a higher p i l e  under t h e  c u t t e r  
blade was caused by the  fo rce  of g r a v i t y  a c t i n g  on t h e  KO2 p a r t i c l e s .  
Under weightless condi t ions,  t he  p a r t i c l e  would not  " fa l l "  but  would 
be ca r r i ed  by the a i r  flow, the re fo re ,  a more uniform d i s t r i b u t i o n  on 
t h e  t op  f i l t e r  would be obtained. 

9 .2  DISCUSSION OF MICROCONTACTOR TEST RESULTS 

The curves, Figures 9-1 t o  9-7, show t h e  gas analysis of oxygen, carbon 
diox-3.de, and moisture f o r  t h e  seven tes t  runs.  I n  all. cases ,  t h e  time 
axis starts p r i o r  t o  the loading of the KO2 and the s ta r t  of the 
gr inding  t o  show t h e  es tabl ished i n l e t  condi t ions.  It took 5 t o  6 
minutes t o  l o a d  t h e  KO2 cy l inde r  i n t o  t h e  gr inding  chamber. 
t h e  curves show breaks i n  them during t h i s  time when t h e  t op  of t h e  
mjcrocontactor was removed and flow rates w e r e  upset .  A l l  t h e  runs 
show a rap id  change i n  the  a i r  composition a t  zero t i m e  a t  which t i m e  
t h e  gr inder  motor was s ta r ted .  
t h e  gas analyzers  as shown i n  Sect ion seven, t h e  curves i n d i c a t e  
e s s e n t i a l l y  an instantaneous r eac t ion  of t h e  KO2 p a r t i c l e s  w i t h  t h e  
i n l e t  a i r .  I n  a l l  t h e  runs,  t h e  gas ana lys i s  curves show t h a t  s teady-  
s ta te  o r  equi l ibr ium condi t ions a re  es tabl ished af ter  about only 
8 minutes of opera t ion .  

Some of 

Allowing for t h e  response times o f  

To discuss  t h e  ind iv idua l  curves and t e s t  runs; during run no. 1, two 
l a r g e  oxygen peak concentrat ions occurred a t  40 and 48 minutes. There 
were peak m o i s k r e  concentrat ions a t  t h e  same t i m e  which ind ica t e  
there may have been s lugs  of water en te r ing  the system due t o  e n t r a i n -  
ment i n  t h e  dehumidifying c o i l .  These peak concentrat ions w e r e  
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disregarded when ca l cu la t ing  average gas concentrat ions.  The gr inding 
r a t e  began t o  slow down a f t e r  about 50 minutes of operat ion due t o  the  
KO2 block binding i n  the  ca r t r idge  holder.  
e x i t  C02  begins t o  increase about t h i s  t i m e  and t h e  oxygen begins t o  
decrease.  
u t i l i z a t i o n  was adjusted t o  account f o r  t h e  decreased gr inding r a t e  
a t  t h e  end o f , t h e  run. 

Figure 9-1 shows t h a t  the  

The average KO2 grinding r a t e  and the  e f f i c i e n c y  of KO2 

Run no. 2 was made with the  smallest  average KOp gr inding  rate (1.77 
g/min.) of any of the runs. 
oxygen production and a l s o  the C02 removal. Essen t i a l ly ,  a l l  of t he  
a v a i l a b l e  oxygen from the  KO2 was released.  

This s m a l l  g r ind ing  rate l imited the 

Peak concentrat ions of a l l  t h r e e  gases occurred between 62  and 68 
minutes during run no. 3. Again, the explanat ion is  t h a t  t he re  may 
have been entrainment i n  t h e  dehumidifying c o i l  which caused a few 
slugs of water t o  e n t e r  the  microcontactor. These peak concentrat ions 
were also disregarded when ca l cu la t ing  t h e  average gas concentrat ions.  

The C 0 2  curve of Figure 9-3 ind ica tes  some o s c i l l a t i o n s  between 45 
t o  62 minutes. The va l l ey  of t he  curves coincide with the  time a t  
which the  f i l ters  were reversed ( tak ing  i n t o  account t he  response t i m e  
of the ana lyzer ) .  Any time a f i l t e r  i s  reversed t h e r e  i s  a sudden 
r i s e  i n  the  a i r  flow r a t e .  
stream a t  a f ixed flow r a t e ,  t h i s  Increase i n  a i r  flow r e s u l t s  i n  a 
decrease of C 0 2  concentrat ion.  

Run no. 4 r e s u l t e d  i n  the  h ighes t  oxygen product ion r a t e  of any of the 

t e s t  runs and it also had t h e  highest  average KO2 

With the i n l e t  GO2 being fed. i n t o  the  a i r  

gr inding r a t e .  

Osc i l l a t ions  of the  Cog curve a r e  a l s o  apparent i n  Figure 9-5 f o r  
run No.  5. Again, as i n  Figure 9-3, t h e  v a l l e y s  of the  curve coincide 
wi th  t h e  times a t  which the  f i l t e r s  were turned. 

The gas  ana lys i s  of run no. 6 (Figure 9-6)  Ind ica t e s  a peak gas con- 
c e n t r a t i o n  f o r  oxygen and C02at  56 minutes. These peak values were 
discarded when determining average gas  oomposltlons. 
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Figure 9-7 f o r  run no. 7 ehowe o e c l l l a t i o n s  of the  COP curve and a l s o  
the  oxygen curve. The va l l eys  of  the  C02 curve coincide with the 
times a t  which the  f i l t e r s  were turned, while t he  va l l eys  of t h e  
oxygen curve do not have as r egu la r  a pa t t e rn .  The gr inding  rate 
began t o  slow down a f t e r  about 40 minutes of operat ion due t o  the  
KOg block binding i n  the  c a r t r i d g e  holder.  The oxygen and C02 curves 
of Figure 9-7 r e f l e c t  t h i s  decrease i n  gr inding rate. 
mark, t h e  oxygen concentrat ion s t a r t s  t o  drop of f  and the C02 concen- 
t r a t i o n  s t a r t s  t o  increase.  

A t  t h e  40 minute 

The temperature of the  f i l t e r  chamber, as measured between t h e  two 
f i l t e r s ,  would increase r ap id ly  a t  the  s tar t  of t h e  run t o  the maximum 
values a s  shown I n  Table 9-2 and would remain a t  about these values  
as  long as  the grinding r a t e  d i d  not s ta r t  t o  decrease.  I n  runs 1 
and 7, the gr inding r a t e  d i d  s t a r t  decreasing during the run a8 d i s -  
cussed previously and the  f i l t e r  chamber temperature s t a r t e d  t o  
decrease a t  t h e  same time. 

It was o r i g i n a l l y  planned t o  make a l l  t h e  tes t  runs a t  a constant  
gr inding r a t e  t o  determine the e f f e c t s  of the o t h e r  var iab les ,  such 
a s  i n l e t  moisture and carbon dioxide concentration. Due t o  the 
non-homogeneity of t he  KO2 blocks, the  con t ro l  of the gr inding r a t e  
was severely l imi t ed .  Therefore, t h e  average gr inding  r a t e  became 
one of the  va r i ab le s  evaluated. A s  a r e s u l t ,  the  c o r r e l a t i o n  between 
t h e  grinding rate and the oxygen production rate produced the  best 
coe f f i c i en t  of co r re l a t ion .  
i ng  r a t e s  s tud ied  produced s u f f i c i e n t  oxygen f o r  about 1 t o  1.5 men. 
The present microcontactor design i s  capable of grinding,  as a minimum, 
a t  least twice the  range of t h e  gr inding r a t e s  s tud ied ,  and poss ib ly  
as much as three of fou r  times the  rates studied. Therefore,  the  
Present  microcontactor design would be capable of supporting from 3 
t o  6 men. 

Figure 9-8 shows t h a t  t he  range of grind-  
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The negat ive co r re l a t ion  between the  average gr inding  r a t e  and the  
r e s u l t i n g  R.Q., a s  shown i n  Figure 9-9, i s  an e f f e o t  of t he  higher 
gr inding  r a t e s  producing more oxygen. Since the R.Q. is  inveree ly  
propor t iona l  t o  the  oxygen production r a t e ,  the  R.Q. decreases with 
increas ing  oxygen production. 

The e f f e c t  of the  i n l e t  C 0 2  concentrat ion on the  r e s u l t i n g  R.Q. is  
shown by Figure 9-10. 
C02 i s  removed by the  r eac t ion  products. The R.Q. i s  d i r e c t l y  pro- 
po r t iona l  t o  the C02 removal rate; therefore ,  the  h igher  i n l e t  con- 
cen t r a t ion  r e s u l t s  i n  higher R.Q.18. 

- 

With the  higher i n l e t  C02 concentration, more 

One would expect a c o r r e l a t i o n  between i n l e t  moisture and rate of 
oxygen production. The c o e f f i c i e n t s  of c o r r e l a t i o n  f o r  these two 
va r i ab le s  d i d  not i nd ica t e  a good cor re la t ion .  
i s  provably due t o  t h e  f a c t  t h a t  t he  average KO grinding r a t e  was 
d i f f e r e n t  f o r  each of the seven runs and the  e f s e c t  of t h i s  uncon- 
t r o l l a b l e  va r i ab le  was predminant  over any e f f e c t  produced by t h e  
var lous i n l e t  moisture concentratlone.  To determine t h e  e f f e c t  of 
i n l e t  moisture concentration, the  KO2 grinding rate m u s t  be more 
exac t ly  cont ro l led .  

This discrepancy 

The i n l e t  moisture concentrat ions covered a wide range from 54 t o  108 

humidifies from about 35 bo 70$. 
the  KO2 and the  r eac t ion  products tended t o  be s t i c k i e r  and therefore  
more d i f f i c u l t  t o  remove from the f i l ters.  The two runs during which 
the  gr inding  r a t e  slowed down w e r e  both a t  high i n l e t  moisture con- 
cen t r a t ions  (82  and 108 g ra ins  H20/lb dry  a i r ) .  A t  t h e  high moisture 
l e v e l s  t he re  is probably more reac t ion  on the  sur face  of t h e  KOp block 
i n  the  ca r t r idge  holder ,  which causes the block t o  bind. 
the  block w i t h  a t h i n ,  water-Impermeable film would reduce or e l imina te  
any r eac t ion  of the  KO2 block. 
75 g ra ins  H20 / lb  dry a i r  presented no binding problem. 

-r.n*-n u n/7h am. +.arr A +  ~ n O g  +L--- rrrq..,.n rr-m-. . . .~ e, -in+*..- 
&A a L i i 0  L L ~ W / L U  U A ~  a l A .  n u  uu & ,  UUGOG v a & u = . o  + U A A = ~ ~ U U U  uu A Z I ~ U L V L  

A t  t h e  higher  moisture concentrat ions 

Coating 

Moisture concentrat ions less than  
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SECTION TEN 

SUMMARY 

A summary of the work performed under NASA 
r e s u l t s  obtained is given below: 

1. 

2. 

3. 

ontra t N A s w - 5 5 1  and the 

A small l abora tory  g r inde r  device was designed and f ab r i ca t ed  i n  
order  t o  de te rn ine  the  grinding c h a r a c t e r i s t i c s  of samples of high 

r e s u l t s  showed t h a t  both types of KO2 could be ground; the  unsin- 
t e r ed  mater ia l  produced a majority of p a r t i c l e s  l e s s  than 103 mesh 
while the  s i n t e r e d  mater ia l  tended t o  crumble r e s u l t i n g  i n  most of 
the  p a r t i c l e s  beirlg g r e a t e r  than 80 mesh. 

dens i ty  (115 l b / f t  3 ) KO2 both s in t e red  and unsintered. The t e s t  

Semi- quan t i t a t ive  t e s t s  were made t o  determine the  r eac t ion  r a t e s  
of f i n e l y  divided KO2 a s  a funct ion of time, moisture concentrat ion,  
p a r t i c l e  s i z e ,  and carbon dioxide concentration. For any given 
length  of run the  amount of reac t ion  increased w i t h  an increas ing  
moisture concentrat ion a s  was expected, bu t  t he re  was no apparent 
e f f e c t  produced by the d i f f e r e n t  p a r t i c l e  s i z e s  i n  the  range t e s t e d  
(20 t o  150 mesh). The t e s t  r e s u l t s  show that wi th  100 t o  150 nesh 
KO2 p a r t i c l e s  and an exposure time of two minutes, the  per  cent  
r eac t ion  ranged from 15% t o  70% over the  range of moisture concen- 
t r a t i o n s  inves t iga ted  (50 t o  80 g ra ins  water/lb dry a i r ) .  The 
r e s u l t i n g  curves ind ica t e  t h a t  the i n i t i a l  r a t e  of r eac t ion  i s  
r a p i d  a s  a r e s u l t  of i t  being a su r face  reac t ion .  Once the  r eac t ion  
becomes d i f fus ion  cont ro l led ,  the r a t e s  become slower. The e f f e c t  
of  C 0 2  concentrat ion (0.54% and 1.e) on the r a t e  of oxygen produc- 
t i o n  d i d  not  appear t o  be s ign i f i can t .  

m e  r a t e  of r eac t ion  t e s t s  ind ica ted  that  w i t h  a reasonable s i z e  
r e a c t o r ,  the  KO2 p a r t i c l e s ,  i f  simply suspended i n  the  a i r  stream, 
would not  r e a c t  completely i n  the s h o r t  time ava i lab le .  Other 
approaches were considered i n  order  t o  design a microcontactor t h a t  
would produce the  requi red  residence time f o r  a near ly  complete 
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react ion.  
r e v e r s i b l e - f i l t e r  microcontactor which f ea tu red  a s e r i e s  of f i l t e r s  
placed i n  the  r e a c t i o n  zone on swivel p ins  s i m i l a r  t o  a b u t t e r f l y -  
valve arrangement. A t  a f ixed  time increment, the  f i l t e r s  would 
be turned over i n  sequence s t a r t i n g  from the  bottom (see Figure 

The most f e a s i b l e  of the  methods inves t iga t ed  was a 

- 
5-51. I 

4. A r e v e r s i b l e - f i l t e r  microcontactor with a one-man capac i ty  a s  a 
bas i s  was designed and fabr ica ted .  The prototype microcontactor 
cons is ted  of a gr inding chamber, a f i l t e r  chamber, and a s o l i d  
products c o l l e c t i o n  assembly. 

5. A t e s t  program was performed t o  v e r i f y  the c a p a b i l i t y  of the  mlcro- 
contactor  t o  operate  e f f e c t i v e l y  over the range of design condi t ions.  
Preliminary gr inding t e s t s  w i t h  the microcontactor ind ica ted  a var ia-  
t i o n  of dens i ty  within each block of KO2 t e s t e d .  
a r e s u l t  o f  the  method used i n  manufacturing the  high dens i ty  KO2 
blocks and was of s u f f i c i e n t  magnitude t o  make c lose  con t ro l  o f  the  
grinding r a t e  impossible. 

This v a r i a t i o n  was 

6. Seven runs were made with the  complete mlcrocontactor system. The 
i n l e t  a i r  flow f o r  a l l  the  runs was 4.0 scfm and the i n l e t  air 
temperature was about 80°F. 
i . e . ,  the  percent  of the  t h e o r e t i c a l  a v a i l a b l e  oxygen from the  KO2 
which was re leased  during the run, ranged from 80 t o  lo@ during 
the  seven t e s t  runs. The t e s t  r e s u l t s  showed that  the  microcontactor 
concept i s  capable of producing the  range of R.Q. (0.6 t o  1.1) t h a t  
is comparable t o  t h a t  required by man. The r e s u l t s  a l s o  showed t h a t  
there  was no over-production of oxygen as i s  commonly encountered 
when using cann i s t e r s  of the  superoxide. The mlcrocontactor approach 
r e su l t ed  i n  s teady-s ta te  condi t ions (with r e spec t  t o  gas composition) 
being obtained a f t e r  only about 8 minutes of operat ion.  

The e f f i c i e n c y  of KO2 u t i l i z a t i o n ,  

A good c o r r e l a t i o n  was obtained between the  average KO2 gr inding 
r a t e s  and the  oxygen production r a t e s  i n  the  seven t e s t  runs.  
Oxygen production r a t e s  between 0.8 and 1.8 ft3/hr were obtained 
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with KO2 grinding rate8 In the range of 1.7 to 4.2 gm KO#nln. 
test resu l t s  Indicated a negative correlation between the average 
KO2 grinding rates  and the resulting R.Q. '15. 

the higher grinding rates producing more oxygep. 
indicated that higher Inlet C02 concentrations result i n  higher 
R.Q. ' 6 .  

The 

p l i s  l a  an effect  of 
The tests also 



SECTION ELEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  o f  t h e  work performed show that  t h e  microcontactor concept 
i s  f e a s i b l e  a s  a method of r e v i t a l i z i n g  a sealed atmosphere. The 
high-density KO2 can be ground in to  small particles which rapidly 
react w i t h  the f lowing  a i r  stream; The tes t  r e s u l t s  show that  by 
gr inding the  required quant i ty  of KO2 and exposing it t o  the a i r  
stream, there  i s  no over-production of oxygen as is  commonly encoun- 
tered when using cannis ters  of the  superoxide. The microcontactor 
approach r e s u l t s  i n  s teady-state  conditions being obtained a f t e r  only 
a f e w  minutes of operation. The tes t  r e s u l t s  a l s o  show t h a t  the  
microcontactor concept is  capable of producing the range of R.Q. 
(0.6 t O 1 . 1 )  t h a t  i s  comparable t o  tha t  required by man. 
l i k e l y  t h a t  by setting the i n l e t  condltions of moisture and grinding 
rate of the  KO2, any R.Q. wi thin the above range could be produced. 

It would seem 

Although the microcontactor concept is  feasible, it cannot be said 
t h a t  the present  f i l t e r  chamber and s o l i d  co l l ec t ion  chamber assembly 
are the  optimum design t o  perform the required functions.  The grinding 
chamber design, w i t h  some addi t iona l  modifications and refinements, 
has shown promise of operating very e f f ec t ive ly .  

The function of the revers ib le  f i l ters  is t o  provide a r e t en t ion  
t i m e  of s u f f i c i e n t  durat ion f o r  the KO2 p a r t i c l e s  I n  the f l o w i n g  a i r  
stream t o  completely r eac t  before passing i n t o  the s o l i d  product 
co l l ec t ion  assembly. The most ser ious problem with the f i l t e rs  was 
t h a t  the  KO2 reac t ion  products would p a r t i a l l y  s t i c k  t o  the  Teflon 
monofilament f i l t e r  material even a f t e r  t h e  f i l t e r  had been turned 
and the  a i r  d i r ec t ion  was reversed. The an t i c ipa t ed  "self-cleaning 
act ion" never materialized. The continuing sticking of the material 
with time re su l t ed  i n  an increasing pressure 'drop across  the system. 
Other  means f o r  providing the required r e t en t ion  time must be inves- 
tigated. 
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The s o l i d  product c o l l e c t i o n  assembly i s  a f f e c t e d  by the  performance 
of  t h e  method used t o  provide the  requi red  r e t e n t i o n  time, I n  the  
case of the present  design, t h e  r eve r s ib l e  f i l t e r s  r e s u l t e d  i n  a 
r eac t ion  product cons i s t ing  of many agglomerates and chunks of  ma te r i a l .  
The entrance t o  the  cyclone sepa ra to r  was e a s i l y  plugged by these  
l a rge  agglomerations. If an approach f o r  providing t h e  r e t e n t i o n  
time could a l s o  prevent any agglomeration, then a cyclone sepa ra to r  
would operate e f f e c t i v e l y  . 
The t e s t  program, although l i m i t e d ,  had as i t s  primary ob jec t ives  
v e r i f i c a t i o n  of t he  microcontactor concept; i l l u s t r a t i n g  tha t  by 
supplying f r e s h l y  ground KO2, t h e  system would rep len ish  oxygen and 
remove C02; and i n d i c a t i n g  the  range of R.Q. tha t  could be main- 
ta ined .  No attempt was made t o  i n v e s t i g a t e  tne  e f f e c t s  of a l l  t h e  
independent va r i ab le s ,  o r  t h e i r  i n t e r a c t i o n s .  

Three va r i ab le s  were he ld  constant during the  t e s t  program, 1) i n l e t  
a i r  temperature, 2) a i r  flow r a t e ,  and 3)  r e t e n t i o n  time. The l a t t e r  
i s  a func t ion  of t h e  number of f i l t e r s  and t h e  frequency of  revers ing  
t h e  f i l t e r s .  These va r i ab le s  have a l l  y e t  t o  be inves t iga t ed  i n  
o rde r  t o  determine the  optimum opera t ing  condi t ions  for producing any 
R.Q.  i n  the des i r ed  range. The e f f e c t  of temperature could prove t o  
be qu i t e  s i g n i f i c a n t ,  s ince  t h e  amount of bicarbonate farmation 
i s  temperature dependent. Flow r a t e  and r e t e n t i o n  time could be 
equa l ly  a s  important. 

", 

A 

A s  a consequence of t h e  favorable  r e s u l t s  obtained from the  exper i -  
mental work completed t o  da te ,  it i s  recormended t h a t  a d d i t i o n a l  
work be performed t o  do the  following: 

1. Make t h e  necessary r ev i s ions  and/or modifications t o  ob ta in  
a constant and p red ic t ab le  gr inding  r a t e  a t  any r p m  s e t t i n g  
within the g r inde r  range. T h i s  would probably e n t a i l  a modi- 
f i c a t i o n  t o  t h e  manufacturing method f o r  t h e  KO2 cy l inders  i n  
o rde r  t o  ob ta in  homogeneous d e n s i t y  throughout the  block. 
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4. 

5. 

6 .  

7 .  

Set up a s t a t i s t i c a l ,  experimental design t o  determine t h e  
e f f e c t s  and i n t e r a c t i o n s  of t h e  following independent 
va r i ab le s :  

a )  KO2 g r ind ing  rate 

b )  i n l e t  moisture concentration 

e )  i n l e t  Co2 concentration . 

d )  i n l e t  a i r  temperature 

e )  a i r  flow 

f )  r e t e n t i o n  t i m e  

Study and i n v e s t i g a t e  o the r  methods of providing t h e  
necessary r e t e n t i o n  t i m e  f o r  the KO2 p a r t i c l e s  i n  t h e  
flowing a i r  stream, along w i t h  comparable methods of s o l i d  
product co l l ec t ion .  

Determine t h e  gr inding  c h a r a c t e r i s t i c s  of high-density Na02. 
If Na02 appears f e a s i b l e ,  perhaps i t e m  2 above should a l s o  
be performed on Na02. 

Make necessary modifications t o  the present  system t n  ~ptimize 
t he  u n i t .  

Perform extended runs of 8 and 24 hours. 

I n t e g r a t e  t h e  system with a primate and/or man f o r  an  
extended run. 
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